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ABSTRACT 
 
 Interspecific hybridization and subsequent genome doubling (allopolyploidy) is a 
common phenomenon in flowering plant lineages.  Within the cotton genus, Gossypium 
L., two diploid species merged 1-2 mya to form an allopolyploid species that would 
eventually give rise to 5 distinct species; two of which would be domesticated and 
dominate world cotton commerce.  This series of experiments examines two facets of the 
human-entwined evolution of the Gossypium genus: one, genome-wide expression 
alterations associated with the formation of nascent allopolyploids and two, the 
transcriptome-wide changes in fiber, concomitant with domestication. 
 To better understand the genome-wide transcriptional changes that occur during the 
formation of nascent polyploids, these experiments examined the transcriptional state of 
two sets of diploid parents and their synthetic, colchicine doubled, allopolyploid 
derivatives.  Specifically, RNA from leaf tissue for each trio (maternal, paternal and 
colchicine-doubled synthetic) was hybridized to a custom Nimblegen microarray 
platform capable of interrogating over 40,000 unique loci with an average of 7 probes. 
For each trio, we grew 5 individuals in a random block design in each of 3 growth 
chambers. We pooled RNA from these individuals to create 3 samples per chamber, per 
taxon, per trio, for a total of 54 slides.  To understand the context of genome wide 
expression levels in the nascent allotetraploid plants, we compared the expression levels 
of the allotetraploid to that of its two progenitors and a midparent in silico value derived 
from a combination of the mean expression value and the combined deviation. The 
analysis revealed a strong bias of per-gene expression values in the allotetraploids toward 
one parent in each trio.  In one trio the allotetraploid is heavily biased to the paternal 
genome donor and in the other trio biased to the maternal donor, indicating the direction 
of the cross does not control dominance. Additionally, the dominance effect is bi-
directional, where the allotetraploid may be up- or down-regulated to match the dominant 
parent.  These data offer intriguing insight into the potential evolutionary relevance of 
polyploids in plant diversification. 
 To understand the genome-wide expression changes associated with domestication, 
we examined the global transcriptional state of developing fiber in three separate 
domesticated cotton species and their wild progenitors.  Cotton plants from the 
 v
allotetraploid species G. hirsutum, G. barbadense and the diploid G. herbaceum were 
grown alongside their wild progenitors. Beginning 2 days post anthesis (dpa) we isolated 
fiber from wild-domesticate contrasts at 5 time points corresponding to just after 
initiation, primary expansion, primary cell wall growth, the transition to secondary cell 
wall growth and secondary cell wall deposition.  When compared to their wild 
counterparts, we diagnose >5,000 unique genes differentially expressed in each contrast 
yet only a small group (611) shared among all; potentially illustrating that parallel 
morphological domestication may have convergent origins at the molecular level. Many 
genes whose products are directly relevant to cell wall and fiber biogenesis were 
diagnosed as differentially expressed, including the cell wall biosynthetic machinery, 
cytoskeletal structural and modifying proteins, members of apoptotic pathways, primary 
hormone receptors and transcriptional factors known to be key regulators of trichome and 
fiber development. 
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CHAPTER ONE 
 
General Introduction 
 
DESCRIPTION OF RESEARCH OBJECTIVES 
Since Darwin’s first brought to light the evolutionary process, crop plants have presented 
powerful systems in which to study the details and mechanisms of selection. In fact, a 
large portion of Darwin’s own insight was through his understanding of domesticated 
(Darwin 1898). In the modern era, understanding the genetic mutations that underlie the 
morphological differences between crop plants has proven challenging yet enlightening.  
Some of the best examples include work in maize, where John Doebley and colleagues 
have elucidated a particular mutation responsible for a key morphological transition 
between teosinte and maize, involving a single locus that engenders the strict apical 
dominance we see in modern maize,  as well as the division of the sexes among the apical 
and axillary meristems (Clark et al., 2006).  More subtly, his group has also mapped the 
gene responsible for the shattering phenotype of wild teosinte (Wang et al., 2005).  Susan 
McCouch’s work has also shown us selection for favorable phenotypes in rice, including 
the discovery through positional cloning of the gene responsible for the red pericarp that 
has been lost via artificial selection during the domestication process (Sweeney et al., 
2006).  A third example, from SteveTanksley’s laboratory, involves a transcription factor 
responsible for the larger size of domesticated tomatoes (Frary et al., 2000).  These and 
many other recent examples demonstrate the prophetic nature of Darwin’s admonition 
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that domesticated plants and animals provide the opportunity for windows into the 
evolutionary process. 
 Crop plants are often polyploids (Bowers et al., 2003), as is the case for 
Gossypium, the cotton genus (Wendel and Cronn, 2003). Currently 5 of the 50 or so 
unique species are polyploids (Fryxell, 1979), which resulted from a trans-Atlantic 
merger, during the mid-Pleistocene (Wendel, 1989) of an African female genome donor 
and a Central American paternal donor.  Beyond these recent polyploidy events, 
Gossypium has rounds of ancient polyploidy that are shared with other angiosperms, as 
well some that are likely unique to the Malvaceae.  
Unique among crop plants, four distinct species, two allotetraploid and two 
diploid, were domesticated by early agrarians to give rise to the bulk of the world’s 
cotton trade (Brubaker and Wendel, 1994; Brubaker et al., 1999). This system therefore 
presents a unique opportunity to study the genetic basis of parallel morphological 
adaptations that occurred at two different ploidy levels.  Previous studies on the genetic 
basis of morphological change in crops have used quantitative trait loci (QTL) analyses 
to find the particular genetic lesion responsible for a morphological change. While 
extremely powerful to find a particular locus, these studies do not give the context by 
which the mutation affects the host of downstream genetic elements that will determine 
the overall fate of the cell or tissue type. A method to understand those genome-wide 
alterations is to deploy microarrays at critical developmental time points between the 
wild and domesticated species of interest. Thus, and complementary to the discovery of 
particular genetic mutations, it is possible to understand global alterations to transcription 
that are associated with domestication. 
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 The goal of this dissertation is two-fold. First, it is necessary to understand 
the transcriptional consequences of merging two genomes into a common nucleus, as this 
genetic background has been the foundation for G. hirsutum and G. barbadense, both 
allotetraploids and the species that dominate world cotton commerce. The second goal is 
to understand the differences at the transcriptional level related to fiber domestication; a 
goal that can be met be examining global transcriptional patterns in wild cottons and their 
associated domesticated derivatives.  
To broaden our understanding in these areas, this dissertation focuses on the 
following related questions: 
 
1.) What are the consequences at the transcriptional level of merging two 
diverged genomes? 
 
2.) What are the potential evolutionary advantages? 
 
3.) Which genes were altered in their expression levels during the domestication 
process in the most important cotton species, G. hirsutum? 
 
4.) How do domestication changes in G. hirsutum compare to domestication 
changes in another allotetraploid, G. barbadense?  Similarly, how to they 
compare to changes observed following domestication of a diploid cotton species, 
G. herbaceum? 
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DISSERTATION ORGANIZATION
The pages of this dissertation are organized into 5 distinct parts.  Chapter one is a general 
introduction to this work, including a brief primer on the broader relevance of work in 
Gossypium as well as the physical layout of this dissertation. Chapter two, “Genomic 
dominance in allopolyploids” is a paper that has been accepted to BMC Biology and 
focused on answering the first question listed above; what is the effect of hybridity and 
genome doubling on gene expression in an allopolyploid?”  Chapter three attempts to 
look at the differences over developmental time between fibers in G. hirsutum and its 
wild progenitor.  This work in chapter three lays the groundwork for chapter four, during 
which two additional species, G. barbadense and G. herbaceum are compared during the 
same developmental time frame.  Finally, chapter five provides some general conclusions 
from the three primary experiments described in chapters two, three and four.  Within 
each chapter pertaining to an experiment, the layout is typical for a scientific paper: 
abstract, introduction, materials and methods, results and finally discussion.   
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CHAPTER TWO 
Genomic expression dominance in allopolyploids 
A paper accepted in the journal BMC Biology1 
Ryan A. Rapp2, Joshua A. Udall3 and Jonathan F. Wendel4 
 
 
ABSTRACT 
Allopolyploid speciation requires rapid evolutionary reconciliation of two diverged 
genomes and gene regulatory networks.  Here we describe global patterns of gene 
expression accompanying genomic merger and doubling in interspecific crosses in the 
cotton genus (Gossypium L.).  Employing a microarray platform designed against 40,430 
unigenes, we assayed gene expression in two sets of parental diploids and their 
colchicine-doubled allopolyploid derivatives.  Up to half of all genes were differentially 
expressed among diploids, a striking level of expression evolution among congeners.  In 
the allopolyploids, most genes were expressed at mid-parent levels, but this was achieved 
via a phenomenon of genome-wide expression dominance, whereby gene expression was 
either up- or down-regulated to the level of one of the two parents, independent of the 
magnitude of gene expression.  This massive expression dominance was approximately 
equal with respect to direction (up- or down-regulation), and the same diploid parent 
could be either the dominant or the recessive genome depending on the specific genomic 
combination.  Transgressive up- and down-regulation also were common in the 
allopolyploids, both for genes equivalently or differentially expressed between the 
parents.  Our data provide novel insights into the architecture of gene expression in the 
                                                 
1
 Reproduced with permission, BMC Biology. 
2
 Graduate student, primary researcher and author, EEOB Department, Iowa State  
University.  
3
 Professor, Participant in experimental design and RNA extraction, Brigham Young 
University. 
4
 Principal investigator and corresponding author, EEOB Department, Iowa State  
University. 
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allopolyploid nucleus, raise questions regarding the responsible underlying mechanisms 
of genome dominance, and provide clues into the enigma of the evolutionary prevalence 
of allopolyploids. 
 
INTRODUCTION 
Polyploidy is prevalent in nature and is particularly common in the angiosperms, where it 
is both an ancient and active evolutionary process (Cronn & Wendel, 2004; Soltis et al., 
2004; Leitch & Leitch, 2008). In the past decade EST and genome sequencing projects 
revealed numerous rounds of ancient polyploidy scattered throughout the angiosperms 
(Blanc & Wolfe, 2004; Schlueter et al., 2004; Cui et al., 2006), confirming and 
expanding upon more than a century of comparative cytogenetic work (Lewis, 1980; 
Grant, 1981) which demonstrated that polyploidy is common and ongoing in hundreds of 
genera.  In plants, polyploidy often is associated with novel and presumably 
advantageous ecological attributes, such as range expansion (Hijmans et al., 2007), novel 
secondary chemistry and morphology (Leitch & Leitch, 2008), and increased pathogen 
resistance (Nuismer & Thompson, 2001), although the underlying genetic basis for these 
novel adaptations remains obscure.  The reunion of two diverged genomes in a common 
nucleus during allopolyploid speciation entails a suite of genomic accommodations 
(Osborn et al., 2003; Adams & Wendel, 2005b; Chen, 2007), including non-additivity of 
gene expression (Hegarty et al., 2006; Wang et al., 2006) and expression partitioning 
among tissues and organs (Adams & Wendel, 2006; Adams & Liu, 2007; Flagel et al., 
2008; Hovav et al., 2008).  Of particular interest are the mechanisms by which doubled 
regulatory networks interact to generate a viable genetic system capable of regulating 
growth, development and responses to the environment.   
 
To better understand the earliest stages of allopolyploid evolution, we monitored gene 
expression in two sets of diploid parents and their colchicine-doubled allopolyploid 
derivatives from the genus Gossypium (L.), which has become a useful model for 
polyploid evolution (Wendel & Cronn, 2003; Flagel et al., 2008; Hovav et al., 2008).  
Our goal was to determine the effects of genomic merger and doubling on global gene 
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expression architecture. To our surprise, we discovered in both crosses a striking pattern 
of “expression dominance”, where gene expression for thousands of genes closely 
mirrored that of only one of the two parents, both for up-regulated and down-regulated 
genes.  In addition, we also detected a diverse spectrum of transgressive gene expression 
types and levels.  Collectively, these results provide a novel perspective on allopolyploid 
gene regulation and hint at the underlying genetic basis of allopolyploid adaptation. 
 
 
MATERIALS AND METHODS 
Plant Material. Cotton species are classified into genome groups based on the formation 
of bivalents during meiosis, if an interspecific hybrid forms bivalents at meiosis, they are 
diagnosed as belonging to the same genome group (Beasley, 1941). These groups in 
cotton are designated as A-G and K. Two synthetic allopolyploids and their diploid 
progenitors were used: (1) 2(A2G1) (Hyb-612 in Ref. 24) was created by colchicine-
doubling the hybrid between G. arboreum (accession no. 5265, as female) and G. bickii 
(accession no. 5048); (2) 2(A2D1) is a synthetic allopolyploid generated from the diploids 
G. arboreum (as female) and G. thurberi (Beasley, 1941).  Ploidy level of the synthetic 
allopolyploids used has been confirmed by cytogenetic analysis. These allopolyploids are 
largely phenotypically intermediate with respect to their diploid progenitors at the gross 
morphological level, although flower size is notably increased. The seeds used for this 
experiment were the C3 (post colchicine doubling) generation for the 2(A2G1) material 
and fresh seed from a living, perpetually grown descendent of Beasley’s original 
amphidiploid for the 2(A2D1). Seeds were scarified and germinated under high humidity 
in a 1:1 mix of sand and soil. Five plants of each taxon, for a total of 30 plants, were 
grown in a randomized complete block design in each of three growth chambers in the 
Center for Plant Responses to Environmental Stresses in Bessey Hall, Iowa State 
University.  Plants were grown at 26C with 12 hr days, and watered as necessary.  Plants 
were repotted into standard gallon containers after 3 weeks.  
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RNA Extraction and Microarray Hybridization. The third through fifth fully 
expanded true leaves were harvested, divided into 1g packets, flash-frozen in liquid N2 
and stored at –80C until extraction.  RNA was extracted from five individuals from each 
of three growth chambers using a hot borate extraction/Lithium chloride precipitation 
(Wilkins & Smart, 1996).  We considered high-quality RNA to have a 260/280 ratio 
greater than 1.9 on a spectrophotometer and prominent ribosomal RNA bands on a 
Bioanalyzer. Equimolar amounts of high-quality RNA (assessed using a Bioanalyzer, 
Agilent, Santa Clara, CA) were mixed from each of three individuals.  Three replicates 
(corresponding to growth chambers) were hybridized to custom oligonucleotide 
microarrays using proprietary Nimblegen (Madison, WI, USA) protocols.  These 
microarrays, described elsewhere (Flagel et al., 2008; Hovav et al., 2008), were designed 
using EST data from diploid A- and D-genome species as well as allopolyploid cotton 
(Udall et al., 2006), designed to minimize mismatch by selecting conserved sequence 
between species. Probes were designed from regions of overlap between the A- and D-
genome species, where no sequence divergence had arisen.  Additionally, whenever 
possible, probes were picked from regions of overlap with the AD-genome ESTs as well.  
The exonic sequence divergence between the A- and D- genome species is <1%, making 
the likelihood of broad scale sequence mismatch on the chips unlikely.  Additionally, the 
G genome is more closely related to the A genome than D, suggesting that level of 
mismatch in our set of 60mers is well below 1%.  The utility of these arrays and data 
validation using independent methods (quantitative Real-Time PCR and Sequenom Mass 
Array technologies) have been presented elsewhere. 
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Statistical Analysis. We employed standard microarray data analysis techniques, as 
follows. Our Nimblegen (Roche Nimblegen, Madison, WI) platform assays each gene 
with a mean of seven unique probes per gene. To arrive at an estimate of expression for 
each unigene, we combined the probe values using Tukey’s Biweight estimator (Hubbell 
et al., 2002). In R software (Team, 2007), the natural log of the intensity for each unigene 
was median-centered and scale-normalized. Estimates of gene expression were used to fit 
a linear model in SAS software taking the form: 
 
yij= µ + δi + sj + eij, 
 
where yij is the normalized expression intensity of a unigene, µ is the intercept, δi is the 
fixed effect of genotype i, with the random effect of replication sj, and the random error 
term ei. For each gene, we estimated the log-fold expression difference of four contrasts: 
the diploid parents to each other, each diploid parent to the allopolyploid and the 
midparent value to the allopolyploid.  The mid-parent expression value was constructed 
in SAS software’s PROC MIXED by down weighting each parent in the contrast 
statement by 0.5; such an approach uses the pooled variance of both parental measures. 
We fit the above model gene-wise for each unigene we assayed. The distribution of P-
values for the estimate of each contrast specified above was controlled for the False 
Discovery Rate (FDR) using the method of Storey and Tibshirani (Storey & Tibshirani, 
2003) at a level of 0.05. Genes that were significantly differentially expressed were 
binned into classes using conditional statements, considering standardized expression 
levels and the statistical relationship between contrasts of interest. The crosses made in 
this experiment can only result in a finite set of expression levels for the allopolyploid 
compared to the two parents. To explore the distribution of expression intensities among 
the 12 possible categories of expression patterns (Figures 4 and 5) among two diploids 
and their derived allopolyploid, we mapped the density distribution of expression for 
each species using the density estimator in the R software package. These were plotted on 
a standardized scale against the experimental mean to illustrate interspecific comparisons. 
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RESULTS AND DISCUSSION 
To monitor gene expression in nascent allopolyploids we grew two sets of diploid parents 
and their colchicine-doubled allopolyploid derivatives in a randomized complete block 
design in three separate growth chambers. We hybridized labeled leaf cDNAs to custom 
microarrays, assaying 40,430 genes for their relative expression levels, and determined 
for each gene the level of expression variation between the parents, between each parent 
and the allopolyploid, and between the in silico mid-parent expression value and the 
allopolyploid. Here, we take midparent to mean the average of the empirically 
determined parental values, across all replicates (see Materials and Methods). The 
general levels of differential expression in these experiments are illustrated in Figures 1 
and 2. 
 
We first evaluated differential expression between the two diploid parents involved in 
each cross (G. arboreum (A2) and G. bickii (G1); G. arboreum (A2) and G. thurberi (D1)), 
postulating that the degree of parental divergence would be correlated with the amount of 
non-additivity in their respective synthetic allopolyploid (2(A2D1) and 2(A2G1)).  
Because all plants were grown under common controlled conditions, we expected only 
modest expression differentiation among diploids, but high levels of expression 
divergence were observed; 42.0% and 53.0% of the 40,300 unigenes were differentially 
expressed between G. arboreum (A-genome group) and G. bickii (G-genome group), and 
G. arboreum and G. thurberi (D-genome group), respectively (Figs. 1 & 2, panels A).  
The larger difference in the latter comparison is consistent with data showing that the A 
and G genomes are more similar in size and are phylogenetically closer to each other than 
either is to the D genome (Wendel & Cronn, 2003).  All three species are shrubs native to 
arid regions but are from three different continents (G. arboreum from Africa, G. bickii 
from Australia, and G. thurberi from North America), having diverged from a common 
ancestor approximately 5-10 mya (Wendel & Cronn, 2003).  Their extraordinary gene 
expression divergence was unexpected given an average coding sequence divergence of 
~1% (Senchina et al., 2003), and represents the greatest expression divergence reported 
to date among congeneric plant species (Wang et al., 2004; Hegarty et al., 2006).  Among 
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the differentially expressed genes, different proportions are up-regulated in each parent 
(18.2% (G. arboreum, A2) vs. 23.8% (G. bickii, G1) and 27.5% (G. arboreum, A2) vs. 
25.5% (G. thurberi, D1); p > 0.05 in Wald Test), although the difference in absolute 
values remains low.   
 
To assess the impact of combining two diverged regulatory networks on gene expression 
in allopolyploids, we contrasted each parent with the allopolyploid, and the allopolyploid 
with an in silico midparent value, generated using an average of the parental values and a 
composite variance.  A high fraction of genes were differentially expressed between the 
allopolyploids and the parental diploids (27.5% and 38.7%, in 2(A2G1) and 2(A2D1), 
respectively, Figs. 1 and 2).  Also, and perhaps as expected, most genes in the 
allotetraploid were expressed at values nearly equivalent to the midparent, viz., 99.0% 
and 93.9% in 2(A2G1) and 2(A2D1), respectively.    
 
This observation of largely mid-parent expression masks an important underlying 
phenomenon, which we model in Figure 3.  Specifically, for genes that differ in 
expression between the two parents, expression levels in the allopolyploid may be 
statistically equivalent both to one parent and the mid-parent, while these latter two 
values are statistically unequal themselves (cf. Fig. 3).  Moreover, and importantly, all 
three of the foregoing values statistically differ from that of the other parent.  The critical 
observation is that the dominant parent is recurrent for thousands of genes.  Thus, 
allopolyploids display a strong expression bias, where expression is statistically 
equivalent to one of the two parents.  This is true for both up-regulated and down-
regulated genes.  Hence, we term this phenomenon “expression dominance”.   
 
To explore and categorize the expression alterations accompanying polyploid formation, 
we binned genes into the 12 possible patterns of differential expression for an 
allopolyploid and two parents (Figs. 4, 5) (Swanson-Wagner et al., 2006).  For genes 
differentially expressed between the parents, the most common result in both 
allopolyploids was the expression dominance of one parental expression phenotype, as 
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described above, where expression dominance is operationally diagnosed as statistical 
equivalence of expression between the allopolyploid and its respective parent.  
Specifically, dominance of the paternal G. thurberi genome in the 2(A2D1) allopolyploid 
included nearly 11,000, or almost half, of all differentially expressed genes, with 52.1% 
being up-regulated to the paternal expression level and 47.9% down-regulated to the 
paternal expression level (panels II and XI Fig 4).  Similarly, an expression dominance of 
a single parent exists in 2(A2G1), where ~5,000 genes adopted the expression state of one 
parent, in this case G. arboreum, and again with approximately equal proportions (44% 
and 55%) of up- and down-regulation (Fig. 5, panels IV and IX).  
 
An additional dimension of this phenomenon is that expression dominance in the 
allopolyploid nucleus was reversed in the two systems; in 2(A2D1), the bulk of gene 
expression divergence was unequal to that from the maternal G. arboreum parent (G. 
arboreum was “expression recessive”), while this same parent displayed expression 
dominance in 2(A2G1).  The magnitude of expression dominance was unequal in the two 
allopolyploids and was most extreme in the 2(A2D1) allopolyploid, where only 1,769 
genes were differentially expressed in leaves between the allopolyploid and the paternal 
parent, but 8 times as many genes (13,863), representing fully a third of the genes on the 
chip, were differentially expressed in leaves between the allopolyploid and the maternal 
parent.  These data constitute evidence for bidirectional, genome-wide expression 
dominance in allopolyploids, the direction of which may vary with the specific genomic 
combination involved.  
 
The scope of expression dominance reported here is unprecedented, and suggests that the 
observation of midparent expression in allopolyploids (Figs. 1, 2), while statistically 
correct, fails to capture the underlying dynamics of regulatory interactions that lead to 
genome-wide preferential expression of the phenotype contributed by one of the two 
genomes in an allopolyploid nucleus.  In this light it seems likely that the statistical and 
analytical techniques used here would reveal that genomic dominance is more 
widespread than reported in Arabidopsis, where gene expression was studied in F1 
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hybrids between two allopolyploids (Wang et al. 2006). Similar to our results for 
polyploid Gossypium, in Arabidopsis hybrids a relatively small percentage (5-6% in their 
case) of genes was differentially expressed in comparison to the mid-parent value.  Of 
these, the general pattern observed was global repression (down-regulation) in the hybrid, 
with greater repression of genes that were up-regulated in A. thaliana (with respect to A. 
arenosa) than the reverse.  Thus, for this small fraction of the total genes in the dataset 
that were studied (i.e., only the ~5% that were differentially expressed from the mid-
parent), there was differential expression repression in the hybrid with respect to the two 
parents.  They did not explore the phenomenon of expression dominance for the greater 
than 95% of genes that were not differentially expressed from the mid-parent, an 
exploration that requires a categorically partitioned analysis of the full set of genes (cf. 
Figs. 4, 5).  Thus, a newly discovered phenomenon associated with allopolyploidy is 
revealed in the present study, namely, global phenotypic expression dominance for both 
up- and down-regulated genes.   
 
Although bidirectional expression dominance comprises the most common category of 
gene expression, all other expression possibilities were observed (Figs. 4, 5) in both 
allopolyploid systems studied, i.e., 2(A2G1) and 2(A2D1).  This includes transgressive up- 
and down-regulation in the allopolyploid, both for genes equivalently (Figs. 4, 5, panels 
VIII and VII, respectively, for up- and down-regulation) or differentially (Figs. 4, 5, 
panels V + VI, and III + X, respectively, for up- and down-regulation) expressed between 
the parents.  Interestingly, although comparable numbers of genes exhibited statistically 
transgressive expression in the two allopolyploids (606 and 490 in 2(A2G1) and 2(A2D1), 
respectively), six times as many genes were up-regulated as down-regulated in 2(A2D1) 
(421 vs. 69), whereas in 2(A2G1) the opposite trend was observed (190 up, 416 down).  
Additionally, genes with novel down-regulation tended to have lower than average 
standardized expression, whereas, the converse is not true for genes with novel up-
regulation (panels IV and IX in Fig. 4).   
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It is tempting to speculate that genome-wide expression dominance and transgressive 
expression are connected to novel plant phenotypes and physiologies in allopolyploids.  
To explore this, we utilized Gene Ontology (GO) classifications for molecular and 
cellular function, coupled with Fisher’s exact test, to identify processes overrepresented 
in differentially expressed genes (Ana Conesa, 2005).  Between the genome-dominant 
parent and the allopolyploid, no significant terms emerge in either allopolyploid, 
although we note that the genome-recessive parent largely shares the same differences 
from the allopolyploid as it does from the genome-dominant parent.  Interestingly, genes 
transgressively transcribed in the allopolyploid are enriched for GO terms pertaining to 
cofactor binding, coenzyme binding, electron transport, oxioreductase activity, lyase 
activity, and generation of precursor metabolites and energy, giving credence to the 
molecular underpinnings of the ecologically advantageous traits often seen in 
allopolyploids. 
 
Here we have shown that polyploidy in cotton is characterized by bidirectional genome-
wide expression dominance, depending on the specific species combination and 
independent of the magnitude of gene expression.  We also report massive expression 
divergence among diploid congeners in a common environment and the manner in which 
these differences become reconciled in a nascent polyploid.  Our study illustrates the 
panoply of expression outcomes that duplicate genetic loci experience when divergent 
genomes become newly merged in a unified regulatory cellular milieu.  At present the 
mechanistic underpinnings of expression dominance of a single genome in an 
allopolyploid remain elusive. Among the possibilities are asymmetries in the genomic 
distribution of methylation and other epigenetic marks, as suggested by recent work with 
met1 RNAi knockdowns in synthetic Arabidopsis polyploids, where expression 
differences in the allopolyploid were shown to be related to de novo changes in 
methylation (Chen et al., 2008). Unlike Arabidopsis, methylation changes do not appear 
to accompany polyploidy in cotton (Liu et al., 2001), suggesting that the global 
expression dominance in this system is due to another mechanism, or likely, a suite of 
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epigenetic mechanisms (Comai et al., 2003; Osborn et al., 2003; Riddle & Birchler, 
2003; Adams & Wendel, 2005a). 
 
Notwithstanding our ignorance of the mechanism(s) responsible for expression 
dominance, this phenomenon, and indications of transgressive expression, provide clues 
into the enigma of the evolutionary success of allopolyploids.  Future insights will derive 
from integrating shifts in gene expression into functional analyses in an ecologically 
relevant context, as well as from increased understanding of the molecular mechanisms 
by which they occur (Chen, 2007).  
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FIGURES AND TABLES 
Figures 1, 2. Differential expression and genome-wide expression dominance in 
Gossypium allopolyploids. Panels A. Shown are two synthetic allopolyploids, 2(A2D1) 
(Fig. 1) and 2(A2G1) (Fig. 2), generated from the diploid parents G. arboreum and G. 
thurberi (Fig. 1) and G. arboreum and G. bickii (Fig. 2). Gossypium arboreum was the 
maternal parent in each cross. Bold text indicates the total number and fraction of genes 
diagnosed as differentially expressed in each contrast. Also shown for each contrast is the 
partitioning of the total number of differentially expressed genes into the direction of 
upregulation; these numbers are indicated by the non-bold text.  For example, in Fig. 1A, 
13863 genes are indicated as being differentially expressed between G. arboreum and the 
synthetic allopolyploid.  Of these, 7792 were upregulated in the synthetic allopolyploid, 
and 6071 were upregulated in G. arboreum. Differential expression between each 
allopolyploid and its in silico mid-parent is shown in the middle of each triangle. 
Between 53.0% (Fig. 1) and 42.0% (Fig. 2) of the 40,430 unigenes were differentially 
expressed between diploids, with a range of 4.4% to 34.3% between diploids and their 
allopolyploid derivatives. Expression dominance is illustrated by the 8-fold (Fig. 1) and 
2-fold (Fig. 2) asymmetries in differential expression between the allopolyploids and 
their diploid antecedents. Panels B. Genes were ordered by their normalized, 
standardized expression intensity in the allopolyploid (black line). The expression 
intensity of the parents were superimposed (maternal = blue; paternal = green) to 
illustrate the expression level similarity between the dominant genome and the 
allopolyploid. Thus, in Fig. 1, variance around the green dots (the dominant genome) is 
lower than around the blue dots, with the reverse being true in Fig. 2. Thus, expression 
dominance is bidirectional with respect to the status of the G. arboreum expression 
phenotypes in the two allopolyploids.  
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Figure 3. Statistical interpretations of differential expression between parental diploids, 
their allopolyploid derivative, and an in-silico mid-parent.  The vertical axis represents 
relative expression level.  Each taxon is labeled and color-coded with its corresponding 
error bar.  Lanes 1 and 2 represent two separate genes with expression patterns like those 
in Figure 4 panels XI & II, respectively.  For the first gene (lane 1), expression is higher 
in the D-genome than in the A-genome diploid parent.  Expression in the D-genome is 
statistically equivalent to that of the allopolyploid but not to the mid-parent (indicated by 
non-overlapping error bars), while expression in the allopolyploid is equivalent to both 
the mid-parent and the D-genome diploid. All three of the above, however, are 
differentially expressed relative to the A-genome diploid parent.  The reverse situation is 
illustrated in lane 2, where expression in the D-genome parent is lower than that of the A-
genome parent, rather than higher.  Notice that in both lanes, expression in the 
allopolyploid mimics that of one parent, in this case the D-genome, illustrating the 
general phenomenon of expression dominance of a single genome for both up- and down-
regulated genes.  
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Figures 4, 5. Partitioning of expression patterns in allopolyploid Gossypium. Graphs 
inset into Panels I-XII represent the possible expression patterns between two diploids 
and an allopolyploid derivative, where statistically differential expression is indicated by 
different vertical levels in each graph. Thus, for example, panel I in each figure shows 
genes for which the paternal parent was differentially expressed and up-regulated relative 
to the allopolyploid, and the latter was up-regulated relative to the maternal parent. The 
total number of genes falling into each category is shown (n), as are the density 
distributions of expression levels (y-axis) for the genes involved in that particular 
expression pattern (maternal = dark blue; paternal = green; allopolyploid = light blue). In 
each of panels I-XII the x-axis represents standardized expression intensity. 
 The average for the entire experiment is shown in each panel as the black horizontal line. 
All categories of gene expression are observed in both allopolyploids, although in 
remarkably different ratios. Expression dominance of the paternal, G. thurberi genome in 
2(A2D1) is shown by panels II and XI in Fig. 4 (contrast with IV and IX), whereas the 
same phenomenon is shown (albeit to a lesser extent) for the G. arboreum genome in 
2(A2G1) (same panels and contrast, Fig. 5). In both cases, expression dominance reflects 
approximately equal amounts of up- and down-regulation to mimic the expression 
phenotype of the dominant parent. Transgressive up-regulation in each allopolyploid is 
partitioned into the possible constitutive categories and is shown by panels V, VI, and 
VIII; similarly, down-regulation is shown by panels III, VII, and X. The middle panel in 
each figure shows the distribution of expression divergence of each parent relative to the 
polyploid, with the maternal contrast on the y axis and the paternal contrast on the x axis, 
with colors corresponding to those used in the insets in panels I-XII.  
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CHAPTER THREE 
Gene expression in developing fibers of Upland cotton (Gossypium hirsutum L.) was 
massively altered by domestication 
 
A paper submitted to New Phytologist 
 
Ryan A. Rapp5, Ran H. Hovav6, Joshua A. Udall7, Candace H. Haigler8 and Jonathan F. 
Wendel9 
 
ABSTRACT 
Upland cotton (Gossypium hirsutum L.) is responsible for >90% of world-wide cotton 
production and is the dominant textile fiber used by humans.  We explored the 
transcriptomic alterations associated with domestication by interrogating a developmental 
time course of cotton fibers from the wild G. hirsutum var. yucatanense and a 
representative of an elite domesticated line. Using a custom Nimblegen microarray 
platform, we probed ~40,000 unigenes constructed from a global assembly of cotton 
ESTs with an average of 7 probes per unigene. We assayed amplified mRNA from 2, 7, 
10, 20 and 25 days post-anthesis, reflecting the major stages in primary and secondary 
cell wall metabolism.  We uncovered over 9,000 genes that are differentially expressed 
between the wild and domesticated forms.  Cluster analysis demonstrates network-like 
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behavior among genes altered by domestication, with large groups of genes experiencing 
coordinated reprogramming as a consequence of human-mediated selection. Analysis of 
expression biomarkers for specific phases of fiber cell wall growth demonstrates a 
correlation of gene expression with growth inferences based on SEM and other 
morphological analyses.  At the gene and gene family level, we identify a host of novel 
expression differences in various metabolic and regulatory processes that are likely 
participants in fiber elongation and domestication.  Finally, we show that ~15% of genes 
that are differentially expressed in our comparisons have no homology to known genes in 
databases, illustrating the involvement of numerous poorly characterized genes in the 
fiber development process. 
 
 
INTRODUCTION 
Upland cotton, Gossypium hirsutum L., provides the largest source worldwide for plant-
based fiber used for textiles and is also found in a great diversity of consumer products 
ranging from medical supplies to currency (for example, see www.cotton.org).  In 
addition to its importance as a fiber plant, byproducts from cotton fiber production 
account for a large fraction of the world’s seed oil and protein meal, behind only soybean 
and rapeseed (www.soystats.com). Originating as a wild plant on the northern coasts of 
the Yucatan peninsula in Mexico (Brubaker et al., 1999), Upland Cotton production now 
is truly global, from the 32nd parallel in Australia and South America to as far as 37N in 
the United States. 
As reviewed elsewhere (Wendel & Cronn, 2003), Gossypium arose ~10 million 
years ago, spawning ~45 species of enormous morphological and life history diversity 
that inhabit many arid and semi-arid regions of the globe.  Given the socioeconomic 
importance of cotton, considerable effort has been devoted to understanding the breadth 
of genetic, cytogenetic, and phylogenetic diversity within the genus.  Currently, species 
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are separated into eight monophyletic, diploid genome groups (“A” through “G” and 
“K”; all n = 13), with a ninth group representing the allopolyploid derivatives (n = 26) of 
two of these diploid groups (“A” and “D”) (Beasley, 1941).  These AD-genome 
allopolyploids originated following a transatlantic long-distance dispersal, during the 
Pleistocene, of an Old World, A-genome plant to the Americas, where it underwent 
hybridization with a D-genome species much like modern G. raimondii (Wendel, 1989; 
Wendel & Cronn, 2003).  This single polyploidy event 1 - 2 million years ago led to the 
subsequent evolution of five species, including two, G. hirsutum (Upland Cotton) and G. 
barbadense (Pima or Egyptian Cotton), that were domesticated within the last 5000-7000 
years (Brubaker et al., 1999). 
Gossypium is best known for the impressive single-celled epidermal seed 
trichomes that comprise the cotton of commerce, but such spinable “fiber” is restricted to 
the domesticated species, which include the two aforementioned allopolyploids as well as 
two A-genome diploids, G. arboreum and G. herbaceum, both still grown on a relatively 
limited scale in Africa, Arabia, and the Indian subcontinent. Wild species produce much 
shorter, coarser, economically useless trichomes (Fryxell, 1979).  Among the eight 
different diploid genome groups, the A-genome group is remarkable in having spinable 
fiber, a feature that was further enhanced by natural and/or artificial selection at the 
allopolyploid level to generate modern tetraploid cottons.  Because of its high yield and 
other agronomically favorable features, G. hirsutum became the focus of breeding efforts 
and agriculture since US colonial times, such that it supplanted the majority of diploid 
cotton cultivation even in the Old World.  Upland cotton presently accounts for greater 
than 90% of the crop grown worldwide. 
As with many important domesticated plants, G. hirsutum encompasses an 
extraordinary level of morphological and geographical diversity.  At one extreme are the 
modern annualized, row-crop forms with their heavy fruit set, photoperiod insensitivity 
and readily germinable seed.  At the other extreme are truly wild forms, which are 
undisciplined, rangy, perennial shrubs with a much lower and less synchronized fruit set, 
photoperiod sensitivity and smaller seeds that require scarification for germination (in 
vitro).  In between these two poles are myriad semi-domesticates and landraces spanning 
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the wild-to-domesticated continuum.  Early insight into this diverse assemblage was 
summarized in Hutchinson’s seminal 1951 work, where he classified over 50 cultivated 
and wild races into 7 types (Hutchinson, 1951).  More recent allozyme and RFLP 
analyses characterized genetic diversity within a broad sampling of the over 5,000 
accessions of G. hirsutum maintained by the National Genetic Resources Program 
(http://www.ars-grin.gov/).  An important finding of these studies is that G. hirsutum was 
likely first domesticated in coastal regions of the Yucatan peninsula of Mexico, with the 
most likely wild progenitor among extant cultivars being G. hirsutum var. yucatanense 
(Brubaker & Wendel, 1994). Thus genetic evidence supported the origin of modern 
Upland cotton from these wild perennials that are fully integrated into the native 
vegetation growing in negative association with humans. This understanding of 
progenitor and derivative provides the foundation for interpreting the suite of 
morphological transitions that led to enhanced phenotypes for fiber quality and yield, as 
well as the concomitant vegetative and life history changes required for a crop plant to 
thrive under agricultural conditions (cf. Figure 1).  
A central problem in evolutionary biology, which also happens to be highly 
relevant to crop improvement, is understanding the genetic basis of novel phenotypes 
(Cubas et al., 1999; Frary et al., 2000; Wang et al., 2005; Clark et al., 2006; Dreher et al., 
2006; Sweeney et al., 2006).  Crop domestication is intimately entwined with 
morphological alterations amenable to farming practices and increased yield.  Our 
understanding of the molecular underpinnings of these transformations is beginning to 
expand in model crop species such as corn, rice and tomato; in these systems novel 
morphologies have derived from a diverse range of molecular phenomena including 
allelic variants of coding genes to alterations in non-coding DNA thousands of bases 
removed from the gene of interest (Frary et al., 2000; Wang et al., 2005; Clark et al., 
2006; Dreher et al., 2006; Sweeney et al., 2006). Of particular interest with respect to 
cotton is developing an understanding of the genetic and genomic alterations that underlie 
the transitions in fiber properties, e.g. length, strength and fineness, which accompanied 
domestication and which provide the basis for superior fiber quality and yield (Fig. 1).  
Initial insights into several possibilities derive from recent studies (Hovav et al., 2007; 
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Chaudhary et al., 2008; Hovav et al., 2008) in which comparative expression profiling of 
isolated cotton fibers was used to suggest, for example, that a key element of the 
transition from wild to domesticated cotton includes a fine-tuning of the reactive oxygen 
species (ROS) signaling network, thereby leading to a lengthened period of cell 
elongation, a delay of the onset of secondary wall synthesis, or both.  Even though the 
cotton fiber is a single cell, thereby providing a facile model for comparative 
evolutionary genomic analysis, gene expression during cotton development is 
extraordinarily complex (Arpat et al., 2004; Wilkins & Arpat, 2005; Hovav et al., 2007; 
Hovav et al., 2008). Here we sought to understand the regulatory reworking of gene 
expression of developing Upland Cotton trichomes compared to those of its wild 
antecedent, var. yucatanense.  We were interested not only in characterizing gene 
expression within the developmental framework of this derivative-progenitor pair, but in 
uncovering the changes in regulatory networks that resulted from the domestication 
process.  Toward this end, we harvested cotton fibers at key time points corresponding to 
critical periods in development from both wild and domesticated cotton, i.e., just after 
initiation (2 dpa; days post-anthesis), primary cell wall expansion (7 dpa, 10 dpa), at the 
onset of (20 dpa) and during (25 dpa) secondary wall deposition.  At each time point we 
compared expression levels of 40,429 genes to ascertain global patterns during 
development.  We report on these findings here, and show how the domestication process 
resulted in the simultaneous “rewiring” of the expression patterns of approximately 9,000 
genes during primary and secondary wall synthesis. These results testify to the high 
degree of complexity associated with domestication at the gene expression level, even for 
a single cell. 
 
 
MATERIALS AND METHODS 
Plant Material and Tissue Collection. We selected the genetic and cytogenetic standard, 
Texas Marker Stock 1 (TM1), derived from elite germplasm, to represent modern 
domesticated cotton.  For wild G. hirsutum, we used an accession of var. yucatanense 
(GRIN accession TX2094, collected by J. McD. Stewart), shown in Fig. 1 and identified 
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by RFLP analysis (Brubaker & Wendel, 1994) and morphological evidence as an 
excellent exemplar of truly wild (as opposed to feral) G. hirsutum. We cold-treated 
yucatanense seeds for 1 week at 4°C and gently scarified the seed coat to break 
dormancy. After scarification, seeds of TM1 and yucatanense were planted in sterilized 
potting mix in the Iowa State University Horticultural Greenhouse. Plants were watered 
daily and fertilized twice weekly and kept at ambient air temperatures above 20°C.  Three 
biological replicates were grown with plants reaching reproductive maturity at 3-5 
months; wild plants were short-day treated under black cloth to induce flowering.  
Flowers were tagged on the day of anthesis and developing bolls were harvested 2, 7, 10, 
20 and 25 dpa (days post-anthesis).  Bolls were dissected immediately after harvest and 
ovules were flash-frozen in liquid nitrogen and subsequently stored at –80°C. To ensure 
that our growth points aligned with the previously published work of Applequist et al. 
(2001), we took sub-samples of our fibers and verified primary and secondary cell wall 
growth via polarized light microscopy, as detailed in Figure 2. 
 
Microscopic Analysis. Seeds with attached fiber were removed from the boll at 2, 7, 10, 
15, and 20 dpa for G. hirsutum cv. TM1 or 2, 7, 10, 20, and 30 dpa for G. hirsutum var. 
yucatanense. The tissue was flash-frozen in liquid nitrogen and stored at –80C. Seeds 
were then immersed in 70% EtOH (an antimicrobial solution), followed by water during 
microscopic observations. Small samples of fiber from three vigorous seeds (judged by 
large size at each dpa) were removed and inspected for birefringence in a dedicated 
polarizing (POL) microscope with rotating stage. Samples with positive birefringence 
were then examined for the presence of angled microfibrils using differential interference 
contrast (DIC) optics (Olympus BH-2 light microscope platforms; Olympus America 
Inc., Center Valley PA). Micrographs were taken with a Q-5 digital camera (QImaging, 
Surrey, BC, Canada). For comparison of birefringence intensity in POL images, fibers 
were viewed at approximately the same angle relative to the optical axis (at the angle of 
maximum intensity), all optical conditions were held constant between samples, 
micrographs were recorded at the same exposure time (optimized for G. hirsutum cv. 
TM1 on 20 dpa), and image processing was omitted except for conversion to grayscale 
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(no additional information was conveyed by color). For both DIC images, the Levels 
function in Adobe Photoshop was adjusted linearly and equally to optimize the tonal 
range for viewing. 
 
Isolation of Total RNA from Fibers. To separate fibers from the ovules, cooled glass 
beads were combined with the ovules and mechanically agitated under liquid nitrogen, 
using a modification of a procedure developed by Taliercio and Boykin (Taliercio & 
Boykin, 2007).  Samples were examined microscopically for ovule or other debris before 
total RNA was extracted from the sheared fibers using a hot borate/lithium chloride 
procedure amenable to cotton (Wilkins & Smart, 1996). Purified RNA samples were 
quantified using a NanoDrop Spectrophotometer (Thermo Fisher Scientific Inc., 
Waltham, MA) and checked for integrity on a BioAnalyzer chip (Agilent, Santa Clara, 
CA).  
 
Amplification of RNA and microarray hybridizations.  We extracted RNA from 30 
samples representing two accessions, five time points and three biological replicates. 
These samples were treated with DNAse according to the manufacture’s protocol (New 
England Biolabs, Ipswich, MA) and linearly amplified using the TargetAmpTM 1-Round 
aRNA Amplification kit from Epicentre Biotechnologies (Madison, WI). Following 
amplification, the integrity of the RNA was checked again on a BioAnalyzer for 
contamination and degradation.  For each of the 30 amplified RNAs, a total of 12µg was 
shipped to Nimblegen Systems, Inc.  (Madison, WI) for cDNA synthesis, labeling and 
hybridization to a custom cotton microarray.  The microarray probes are designed from a 
global assembly of ~270,000 Sanger-based ESTs derived from G. arboreum, G. 
raimondii and G. hirsutum.  Details of the assembly of these ESTs are in Udall et al. 
(Udall et al., 2006).  Nimblegen uses photochemistry to print 283,000 features at high 
density, allowing us to interrogate the relative expression intensity of 42,429 unigenes 
using an average of 7 distinct probes per unigene. Probes averaged 60 bp in length. 
Whenever possible, probes were designed to avoid single nucleotide polymorphisms 
between the A and the D genomes of the allopolyploid G. hirsutum. This was 
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unproblematic for nearly all oligonucleotides, as the two diploids differ by only about 1% 
in their exonic sequences (Senchina et al., 2003). In addition, the probes were designed to 
independently interrogate paralogs. Additional information about the specifics of the chip 
and its design are found at www.cottonevolution.info.   
 
Statistical Analysis. Raw expression values for each unigene represented on the chip 
were obtained by median polishing the seven redundant probes using Tukey’s Biweight 
estimator (Tukey, 1977; Velleman & Hoaglin, 1981).  In R (Team, 2007), polished values 
were natural log transformed, median centered and scale normalized.  To assess 
differential expression we applied a standard mixed linear model to each gene in SAS 
(Littell et al., 1996) taking the form: 
yijk = µ + δi + j + sk + ij + eijk 
where the response variable yijk denotes signal intensity for genotype i, time-point j, 
biological replication k and is described by µ, intercept parameter, i , the fixed effect of 
genotype I, j the fixed effect of time-point j,  sk the random effect of replication k;, ij 
the interaction between genotype i and time-point j and eijk the random error. We 
estimated the difference between chronological time points within accessions, 
simultaneous time points between accessions and chronological time points between 
accessions. In R, we then used the method of Storey and Tibshirani to control the false 
discovery rate (FDR) (Storey & Tibshirani, 2003).  The resultant 42,429 q-values per 
contrast were then used to identify genes that were differentially expressed for a given 
contrast, with the criteria of significance being a q-value ≤ 0.05. 
 
Medoids Clustering.  For all genes diagnosed as differentially expressed between wild 
and domesticated G. hirsutum, we recovered the estimates of their expression intensities 
at each time point according to our model in SAS using lsmeans. These values were 
standardized on a global basis to remove the effect of magnitude, from which we 
calculated a simple Euclidean distance matrix for each pairwise gene comparison.  To 
determine the optimal number of clusters in the data we explored the fit of varying 
numbers of partitioning around medoids (PAM) clusters from 1 to 15 and calculated k, 
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the silhouette width, for each n number of clusters versus n+1 (Laan et al., 2003).  We 
used these standardized distances and the gap statistic to PAM cluster wild and 
domesticated values separately. A matrix was created by tabulating the expression state 
(PAM cluster) in the wild fiber versus the domesticated fiber data set.  
 
Blast2GO annotation.  For each contrast, the genes discovered to be differentially 
expressed were binned into up- and down-regulated classes based on estimates of their 
expression level under the model, as given by SAS.  This produced 26 lists of up- and 
down-regulated genes both within an individual accession and between accessions across 
developmental time.  We retrieved gene ontology (GO) annotations as assigned to the 
unigenes in our microarray probe data set and used Fisher’s exact test as implemented by 
Blast2GO to check for enriched GO categories when the tests sets were compared to the 
total query (Conesa et al., 2005).  We selected only those terms that were significant after 
correcting for the false discovery rate, at a q-value ≤ 0.05. These 26 lists, their associated 
GO categories and accompanying genes are reported in Supplementary Table 1. 
 
 
RESULTS 
Morphological examination of material. Plant cell walls with sufficient quantity of 
organized, crystalline, cellulose exhibit white birefringence against a black background in 
POL optics. Cotton fiber birefringence only becomes pronounced at the onset of wall 
thickening due to an increased percentage of cellulose in the fiber “winding” cell wall 
layer (analogous to the S1 layer in wood fiber). In the cotton fiber winding layer, the 
cellulose microfibrils also adopt an intermediary angle relative to the longitudinal fiber 
axis (~ 45°) as compared to the primary wall (with transverse microfibrils) and the 
secondary wall (with more steeply angled microfibrils). Therefore, both increased 
birefringence (in POL optics) and detection of angled microfibrils (in DIC optics) are 
diagnostic of the beginning of fiber wall thickening. 
At 20 dpa, the walls of both domesticated TM-1 and wild yucatanense showed 
white birefringence along the fiber edges in POL optics (Fig. 2 A, B, main micrographs). 
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Fibers of both accessions also had angled cellulose microfibrils as revealed by DIC optics 
(Fig. 2 A, B, insets). In the insets, the direction of microfibrils relative to the horizontal 
fiber axis is shown by grey striations and paralleled by the angled white line. Although 
the immediately preceding days were not sampled, the micrographs indicate that 20 dpa 
was near the beginning of wall thickening because: (a) strong birefringence is only 
evident along the fiber edges (not over the whole surface, as occurs later when cell walls 
become thicker, data not shown); and (b) many fibers had not yet begun detectable wall 
thickening (appearing black, or with faint edges in the same view as brighter fibers, Fig. 2 
A,B). As indicated by the brighter birefringence in TM1 fibers (Fig. 2A), the 
domesticated cotton was slightly ahead of wild yucatanense in onset of wall thickening. 
This contention was supported by the rarer detection of angled microfibrils in 20 dpa 
yucatanense fiber (Fig. 2 B, inset) compared to frequent observation of this pattern in 
TM1; increasing amounts of winding layer cellulose allow this pattern to be more clearly 
revealed by DIC optics. Prior experience with these optical techniques suggests that the 
difference in time of onset of secondary wall deposition was less than 1 day between the 
two accessions (C. Haigler, unpublished observations). In general it is remarkable that 
fiber of wild G. hirsutum var. yucatanense shares such similar timing and morphology of 
early wall thickening compared to modern, domesticated cotton (cv. TM1), at least when 
both are grown under relatively cool greenhouse conditions. 
  
Transcriptomic changes during fiber development in G. hirsutum. We explored global 
transcriptional variation during the maturation of cotton fibers derived from modern 
cultivated upland cotton (TM1) and a wild form of G. hirsutum var. yucatanense.  We 
assayed relative expression levels of 40,429 genes for both the wild and domesticated 
accessions at five time points during development (2, 7, 10, 20, 25 dpa). The numbers 
and percentages of unigenes up- and down-regulated at each stage are shown in Figure 3. 
Overall, the domesticated cultivar TM1 displayed a much higher level of transcriptional 
variation between sampled time points than did the wild yucatanense accession.  When 
summed across all developmental transitions shown in Fig. 3, 12,626 and 5,273 genes 
experienced significant up- or down-regulation in domesticated and wild cotton, 
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respectively. Between 2 and 7 dpa, 8.7% of assayed genes in TM1 were differentially 
expressed (3,533 unigenes; p-value ≤ 0.05; FDR ≤ 0.05), compared to 6.3% (2,552 
unigenes) in yucatanense. Notably, there was little change in the transcriptome between 7 
and 10 dpa, a period of active fiber elongation in TM1; most striking was the observation 
that only 2 unigenes were differentially expressed in TM1, whereas 140 unigenes (0.35% 
of total) altered expression in the wild accession. This difference may relate to 
differences in the fiber elongation curves between 7 and 16 dpa; TM1 was entering a 
sustained period of high rate elongation at 7 dpa whereas yucatanense elongation during 
this period was much slower (Applequist et al., 2001). Far more genes had altered 
expression during the longer time period between 10 and 20 dpa, which encompasses a 
stage of primary cell wall growth and elongation and the initiation of secondary wall 
synthesis (Tiwari & Wilkins, 1995; Kim & Triplett, 2001). As discussed above and 
shown in Fig. 3, during this period, 18.8% (7,575) and 6.2% (2,516) of the unigenes were 
differentially expressed in TM1 and in yucatanense, respectively. During the final 
transition studied, from 20 to 25 dpa, only 3.7% (1,486 unigenes) and 0.1% (45 unigenes) 
of the unigenes were differentially expressed in TM1 and in yucatanense, respectively.  
 
Transcriptomic differences during development between wild and domesticated G. 
hirsutum. We also compared variation in gene expression at each time point (2, 7, 10, 20, 
25 dpa) between wild and domesticated G. hirsutum. The numbers of unigenes up- and 
down-regulated as well as percent of total genes assayed is shown in Figure 3. 
Interestingly, at all time points more genes were up-regulated in the domesticated TM1 
than in var. yucatanense, with the greatest number of differentially expressed genes 
between the two accessions being early in development (2 dpa).  At this stage, 12.46% 
(5,037 unigenes) were differentially expressed between the two accessions.  By 7 dpa, the 
fraction of differentially expressed genes falls by more than half to 4.8% (1,948 
unigenes).  At 10 dpa, differential expression between the two accessions climbs to 7.6% 
(3,078 unigenes), which correlates with the most rapid rate of elongation beginning only 
in TM1 at this time (Applequist et al., 2001). At 20 dpa, the percentage of differentially 
expressed genes was reduced once more to 4.5% (1,825 unigenes), which correlates with 
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data showing both wild and domesticated cotton fiber begin the wall thickening process 
at this time. For both genotypes, genes up-regulated at 20 vs. 10 dpa include cotton 
homologs of many genes known to be essential for secondary wall cellulose synthesis in 
the xylem and/or interfasicular fibers of Arabidopsis and other species (Haigler et al., in 
press). Finally, at 25 dpa, differential expression rises to 8.0% (3,267 unigenes), which is 
correlated with more genes in TM1 showing changed expression between 20 and 25 dpa. 
 
GO categories associated with differential expression between TM1 and var. 
yucatanense. As outlined above, differential gene expression at a single developmental 
time point between TM1 and var. yucatanense was maximal at 2 dpa where 12.46% of 
the assayed genes statistically varied. Compiling these genes into GO categories and 
using Fisher’s exact test, we found a wide variety of cellular processes to be differentially 
represented between wild and domesticated cotton at 2 dpa near initiation, and during 
time points corresponding to primary cell wall expansion (7, 10 dpa) and the beginning of 
secondary cell wall deposition (20-25 dpa).  At each time point Fisher’s exact test reveals 
over 100 different categories of molecular processes to be enriched in the contrast 
between wild and domesticated fiber.  These categories include processes known to be 
involved in trichome development, such as DNA replication, cell fate determination, 
actin biogenesis and organization, and cell turgor. The complete list of GO terms 
diagnosed as enriched in our differentially expressed genes is summarized by time point 
in Supplementary Table 2.   Some of the most germane GO terms pertinent to trichome 
development and maturation and regulatory processes are provided in Table 1. 
 
Massive alteration of gene expression profiles accompanies domestication.  From fiber 
initiation to secondary wall thickening, we diagnosed a total of 9,465 genes as 
differentially expressed between developing fibers from wild and domesticated cotton. 
To better understand how domesticated expression patterns differed from those of the 
wild antecedent, we clustered genes using PAM clustering (Laan et al., 2003) according 
to their expression pattern in the wild yucatanense and then reassessed the clustering of 
their expression patterns in domesticated cotton. From these data we constructed a 
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transition matrix as differentially expressed genes moved from one type of expression 
pattern to another. Figure 4 describes the transitions of gene expression patterns from the 
wild to the domesticated state. Most striking is the uneven way in which genes with 
similar expression profiles are impacted during domestication.  Genes with similar 
expression profiles are broken up into a finite set of novel patterns in domesticated 
cotton.  
A striking example of this uneven distribution are 1441 genes that experience 
their lowest expression levels in the wild yucatanense early in development (2 dpa) and 
peak in expression intensity by 10 dpa (viz. Figure 4, row 1).  When these genes are 
examined in the domesticated TM1, 917 (63.6%) were up-regulated at 2 and 7 dpa (row 
1, columns 4 and 5) in contrast to six other expression possibilities. Similarly, genes in 
wild cotton that have low expression early and increasing expression during development 
(row 6) are radically altered by domestication such that over half of these same genes in 
modern cultivated cotton are highly up-regulated early in development (columns 3, 5, 8). 
The reciprocal case also appears to be true, viz. Figure 4, row 5, where in the wild state, 
the genes are expressed at a high level early and decline through development. Most 
genes with the high early expression pattern in the wild yucatanense experience down-
regulation in the domesticated TM1, as seen in row 5, columns 2 and 6.  In summary, 
without exception, genes that undergo expression alteration between wild and 
domesticated fiber do not do so randomly into all of the possible patterns, but instead, 
appear to have been shaped by artificial selection in a correlated fashion, forming clusters 
of genes displaying one to several of the possible expression patterns. 
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DISCUSSION 
Considerable effort has been applied to understanding the genetic basis of phenotypes 
selected out of wild populations during the domestication process.  QTL studies have 
been particularly fruitful in this regard, leading to insights into the mutations responsible 
for favorable phenotypes in a number of crops (Wang et al., 1999; Frary et al., 2000; 
Clark et al., 2006; Dreher et al., 2006).  In cotton, none of the mutations responsible for 
the morphological transformations between wild and domesticated fiber phenotypes are 
known, and it is equally unclear how many genes govern this phenotypic change.  Here 
we present a series of experiments that take an alternative approach, focusing not on the 
lesions per se, but on the myriad downstream changes in gene expression associated with 
the domestication that mediate the development of the single celled cotton fiber.  Toward 
this end we compared patterns of global gene expression from wild and domesticated G. 
hirsutum across 5 developmental time points representing key phases of fiber 
development encompassing initiation, elongation via primary cell wall synthesis and 
secondary wall synthesis.   Using a high-definition custom Nimblegen microarray, we 
interrogated 44,440 genomic loci during fiber development, with an average of 7 unique 
probes per locus, to recover relative gene expression levels between wild G. hirsutum var. 
yucatanense and a domesticated derivative, cultivar TM1. 
Our results show that at any given time point, greater than 1500 genes (Figure 2) 
are diagnosed as differentially expressed between wild and domesticated G. hirsutum, 
illustrating the genomic scale of gene expression change accompanying an altered 
developmental allometry within a single cell (i.e., increased fiber length in TM1). 
Although the only previously described differences in the two homologous trichomes are 
rate of growth and mature length, we were able to statistically categorize over 9,000 
unigenes as differentially expressed at one or more time points between wild and 
domesticated Upland cotton.  These results highlight the complex alteration of global 
gene expression machinery necessary to generate the longer fiber phenotype, as well as 
other potentially different phenotypes that remain unknown.  Although no data yet 
address the genetic mutations responsible for these alterations, it is likely that they reflect 
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networks of gene expression that have been perturbed by a far smaller number of genetic 
lesions, and perhaps only a handful.   
Inspection of the GO classifications and associated gene lists revealed that many 
of the genes with statistically altered expression pertain to metabolic and signaling 
activities that have been previously shown as important to cell growth and fiber 
maturation.  Specifically, genes whose products are involved with trichome cell fate and 
differentiation, cell cycle regulation, cell wall expansion, cell growth and apoptosis are 
statistically overrepresented as differentially expressed between yucatanense and TM1.  
Below we provide a synopsis of some of the key expression differences and their 
relevance to previous research on fiber biology and development.  Supplementary Table 
3 includes lists of genes differentially expressed between TM1 and yucatanense within 
each accession and for each time point examined.  These gene lists provide a 
characterization of the molecular players involved in the transition from short to long 
fiber, and help to identify genes important for fiber development within the elite 
representative TM1. 
 
Expression of genes diagnostic of primary and secondary cell wall deposition. 
To check the validity and accuracy of our microarrays, we chose a representative sample 
of genes known to be involved in the primary expansion, rapid expansion and secondary 
cell wall deposition phases of cotton fiber development. We selected two genes involved 
in primary wall synthesis (homologs of Arabidopsis COB or CesA1), one known to peak 
at the primary to secondary wall transition in cotton fiber (GhRAC13) and two genes up-
regulated during secondary cell wall deposition (homologs of Arabidopsis COBL4-LIKE 
or CesA4). The normalized, relative expression levels of these genes are displayed in 
Figure 5.   
 Primary wall cellulose synthesis is accomplished through the coordinated efforts 
of three cellulose synthase (CesA) isoforms, e.g., AtCesA1, AtCesA3 and AtCesA6, 
which are likely to co-assemble into a rosette-type cellulose synthesizing complex to 
enable cellulose microfibril deposition (Brown, 1996; Arioli et al., 1998; Delmer, 1999).  
Here, CesA1 expression climbs from anthesis, peaking in expression at the onset of the 
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rapid elongation phase and decreasing in expression during the onset of secondary wall 
deposition.  CesA1 remains highly expressed during the intermediate period of 14-20 dpa, 
where both primary and secondary cell wall synthesis continue (Basra and Malik 1984).  
In Arabidopsis, mutants of COB, a secreted GPI-anchored COBRA protein, result in 
defective primary cell wall synthesis but not secondary cell wall deposition (Schindelman 
et al., 2001; Roudier et al., 2005).  During TM1 development, COB expression peaks 
during the onset of rapid expansion and declines as the fiber transitions into secondary 
cell wall synthesis. 
The transition from primary to secondary cell wall synthesis involves the 
intermediate signaling molecule H2O2, produced in association with regulation by a small 
GTPase Rac protein (Nibaua et al., 2006) and other oxidative reactions in the cell.  In 
cotton, expression of GhRAC13 has been shown to be highly correlated with the 
transition between primary and secondary wall synthesis in cotton fibers, both in vivo 
(Delmer et al., 1995) and in vitro (Potikha et al., 1999).  In our data GhRAC13 peaks in 
expression at 20 dpa for wild cotton fiber, but not until >25 dpa for domesticated fiber, 
consistent with morphological observations for the onset and ramp up of secondary cell 
wall synthesis. These data support results from previous microarray experiments that 
emphasized the significance of changes in H2O2 regulation between wild and 
domesticated fiber (Chaudhary et al., 2008; Hovav et al., 2008). 
 Validation of the stages selected for secondary wall deposition is seen in the 
expression pattern of a cotton homolog of AtCesA4 (AT5G44030) in both domesticated 
and wild fiber. AtCesA4 has an obligatory role in secondary cell wall synthesis (Gardiner 
et al., 2003).  During the stages we studied, CesA4 was expressed in the lower quartile of 
all genes, one standard deviation below the mean expression level at 2, 7 and 10 dpa.  By 
20 dpa however, CesA4 transitions to one of the most highly expressed genes, in the 
upper quartile of all assayed loci.  Expression of CesA4 continues to climb until the latest 
stage studied, 25 dpa, suggesting increased involvement in secondary cellulose deposition 
to achieve fiber thickening (Haigler et al., 2005). Similar to CesA4, mutation in the rice 
homolog of AtCOBL-4 was associated with defects in secondary cell wall synthesis only 
(Li et al., 2003).  Here we found that the cotton COBL-4 homolog expression was 
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minimal at 2, 7 and 10 dpa but increases at 20 and 25 dpa, making it a good marker for 
secondary cell wall synthesis. 
 The characteristic behavior of these 5 genes demonstrates that the microarray 
platform is useful for interrogating amplified RNA from fiber extracts to diagnose phases 
of cell wall growth, and that the specificity of the probes used on this platform is accurate 
enough to identify gene expression patterns consistent with previously established roles 
in cellular differentiation.  
 
Some genes involved in trichome cell fate determination and maturation are 
differentially regulated between wild and domesticated cotton. The molecular pathway 
governing the initiation and maturation of trichomes has been studied using a variety of 
mutant library screens and complementation studies in Arabidopsis (Marks & Feldmann, 
1989; Nagata et al., 1999; Zhang et al., 2005). The biology of trichome development has 
been characterized broadly into three phases: pattern formation and initiation, 
endoreduplication and branching, and maturation.  Key genes of trichome patterning and 
initiation include both positive and negative regulators of trichome initiation (Gao et al., 
2008).  Experiments in Arabidopsis have identified three loci that, when mutated, result 
in a glabrous phenotype or a reduced abundance of trichomes, leading to the conclusion 
that these loci are positive regulators of trichome development: GLABRA 1 (GL1); 
TRANSPARENT TESTA GLABRA 1 (TTG1) (Perazza et al., 1998; Schnittger et al., 1998; 
Payne et al., 2000), which result in a glabrous leaf; and GLABRA 3 (GL3) (Bernhardt et 
al., 2003), which results in a reduction in trichome number. The best homologs of these 
genes in our cotton unigene data set are not differentially expressed.   
Negative regulators of trichome initiation and patterning include: TRIPTYCHON 
(TRY) (Hülskamp et al., 1994), a suppressor of lateral trichome initiation around 
developing trichomes; CAPRICE (CPC) (Schellmann et al., 2002), a suppressor of the 
total number of trichomes on the leaf; and two modifiers of these genes, ENHANCER OF 
TRIPTYCHON AND CAPRICE 1 & 2 (ETC1 & 2), which increase the ability of TRY and 
CPC to suppress trichome development (Kirik et al., 2003).  While cotton homologs of 
TRY (AT5G53200) and CPC (AT2G46410) are not differentially expressed in our data, a 
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cotton homolog of ETC1 (AT1G01380) has down-regulated expression in the 
domesticated line TM1 at 2 dpa, our closest time point to initiation. The significance of 
this is unclear, as initial density is not remarkably different between yucatanense and 
TM1, although no quantitative study has been reported and subtle differences in fiber 
density may exist.  
SAD2 (Sensitive to ABA and Drought 2; AT2G31660) has recently been shown in 
Arabidopsis to be a regulator of GL1, GL2, TTG1 and GL3 (Gao et al., 2008); however 
its cotton homolog does not appear to be differentially regulated between var. 
yucatanense and TM1. Our data do not preclude the possibility that SAD2 is differentially 
expressed at or before anthesis. 
 The molecular interplay of these loci help determine cell fate and interact with 
GLABRA2 (GL2) to begin the cascade of trichome growth and development (Rerie et al., 
1994).  Arabidopsis GL2 (AT1G79840) may help to regulate trichome spacing (reviewed 
in Zhao et al., 2008), and a cotton homolog was differentially expressed at 2 dpa between 
TM1 and var. yucatanense (1.7 fold change, FDR <0.005). Therefore, a key regulatory 
element in the fiber initiation and maturation cascade has been altered by domestication.  
Additionally, a cotton homolog of another downstream regulator of vegetative trichome 
development, TRANSPARENT TESTA GLABRA 1 (TTG1; AT5G24520) (Zhao et al., 
2008), a WD 40 repeat type protein, was down-regulated at 2 dpa by 1.39 fold in 
domesticated TM1 (FDR <0.05).   TTG1 is a positive regulator of trichome elongation on 
leaves, with mutants resulting in stunted trichomes, whereas it is a negative regulator of 
root hair formation. TTG1 mutants develop root hairs in cell files that are normally 
atrichoblasts.  Given the two known modes of action for TTG1 and the increase in fiber 
cell density associated with a down regulation of TTG1, it may be that the molecular 
mechanism of fiber genesis is homologous to the genesis of root hairs. 
 
 
 
Key players in cell wall expansion and turgor driven growth are differentially 
regulated. Cell expansion and growth represent complex alterations in morphology that 
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involve a wide range of physiological and molecular processes (Smart et al., 1998; 
Paradez et al., 2006; Zonia & Munnik, 2007).  Many genes known to be involved in cell 
growth and expansion were revealed here to be differentially regulated between wild and 
domesticated cotton. 
 Cytoskeletal and microtubule organization are crucial to maintaining cell shape 
and facilitating structural reorganization during cell expansion.  The profilin family of 
proteins are low molecular weight actin-binding monomers implicated in reorganizing 
actin filaments during growth (Hussey et al., 2006). A cotton homolog of Arabidopsis 
PROFILIN5 (AT2G19770) is up-regulated over 27-fold at 5-20 dpa in domesticated TM1.  
Profilin mutants in Arabidopsis exhibit leaves 1/4-1/2 smaller than wild type leaves; 
interestingly, mutants over-expressing profilin experienced a doubling in the length of 
roots hairs (Ramachandran et al., 2000), raising again the question about the 
morphological analogy of young cotton fiber cells and root hairs. 
  Complementing the variation in a regulator of actin filaments, we also detected 
differential expression of the genes encoding the two 55 kD subunits of the microtubule, 
α-tubulin (TUA) and β-tubulin (TUB) (Sullivan, 1988). cDNA clones of mRNA from 
Arabidopsis and later whole-genome sequences have shown that both subunits exist as 
multigene families, with different isoforms expressed in a tissue-specific manner 
(Kopczak et al., 1992; Snustad et al., 1992). Up to 9 different isoforms of TUA are 
expressed in TM1 cotton fiber at levels higher than in other tissues examined (Dixon et 
al., 1994).  In our data various isoforms are overexpressed from 2-20 dpa of fiber 
development, and these are overexpressed in TM1 from 1.5- to 6-fold over the levels in 
wild cotton, consistent with previous observations that cotton fiber growth requires active 
participation of the cytoskeletal machinery. 
 In addition to cytoplasmic constituents of cell structure, key enzymes involved in 
cell wall expansion are differentially expressed between wild and Upland cotton.  Below 
we highlight examples for each stage, beginning with the early stages of cell wall 
elongation. 
 Cell wall extension is a hormone-mediated process that relies on auxin to initiate  
proton-dependent cell wall loosening via the activation and up-regulation of ATPases 
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(Jones et al., 1998).  Spurious initiation of auxin responses is repressed by the Aux/IAA 
class of transcription factors, which prevent auxin-responsive gene expression (Dreher et 
al., 2006). The TIR1 gene product (the auxin receptor) is a F-Box protein that, when 
activated by auxin, causes the Aux/IAA transcriptional repressors of auxin-induced gene 
transcription to become tagged with ubiquitin, marking them for degradation by the 26S 
proteosome (Dharmasiri et al., 2005).  In our analysis of wild and upland cotton, 
transcripts encoding proteins with Aux/IAA domains are differentially regulated at 10 
dpa, including the cotton orthologs of several Arabidopsis genes  (IAA19, AT3g15540; 
IAA27, AT4g29080; IAA29, AT4g32280). Domesticated cotton at 10 dpa showed down-
regulation of these genes, perhaps because domesticated cotton fiber initials have a lower 
threshold for an auxin specific growth response.  Our annotation of the cotton unigene set 
(See Supplementary Table 4) also suggests that the Aux/IAA protein family is more 
diverse than that of Arabidopsis, as several cotton Aux/IAA unigenes map to each member 
of the Arabidopsis Aux/IAA gene family.  While these could be annotation and assembly 
errors, we were able to construct an average of 7 unique probes per cotton Aux/IAA 
unigene; these probes are internally consistent, revealing unique expression patterns 
between the several paralogous copies. For example, 2 cotton unigenes have highest 
similarity to Aux/IAA19 from Arabidopsis, which is a negative feedback regulator of 
lateral root formation (Tatematsua et al., 2004).  One of these cotton unigenes is down-
regulated at 2 dpa, while another is up-regulated, and phylogenetic analysis shows them 
to not simply be Aux/IAA gene fragments, but unique, duplicated copies of Arabidopsis 
Aux/IAA9 (data not shown). Therefore, cotton may have used redundant genetic diversity 
from ancient rounds of polyploidy to allow differential auxin regulation associated with 
domestication.  While down-regulation is most common, up-regulation (>3 fold) of a 
cotton homolog of Aux/IAA16 (AT3G04730) occurs at 10 dpa as well. The G. hirsutum 
homolog of Aux/IAA16 is a single copy locus that has been reported to be endothelium-
specific (Suo et al., 2004); our findings raise the importance of time point selection 
during development of cell and tissue types.  
While auxin is necessary for initial cell wall loosening and continued loosening as 
wall growth progresses, the mechanical act of expansion is mediated by a host of 
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proteins, including the expansin (EXP) family of proteins.  While these proteins do not 
possess catalytic activity, it is thought they are capable of altering non-covalent bonds 
within the plant cell wall, allowing molecular ‘creep’ of cellulose microfibrils under 
positive turgor pressure (Cosgrove, 2000).  Close to anthesis (2 dpa), Upland cotton has 
up-regulated expression of both α expansins (targeting xyloglucan; (Whitney et al., 
2000)) and β expansins. Specifically, cotton homologs of Arabidopsis α EXP13 
(AT3G03220),  α EXP15 (AT2G03090), and β EXP1 (AT2G20750) are up-regulated in 
domesticated TM1 at 25 DPA, following equivalent expression in both genotypes at 7, 10 
and 20 dpa.  This may support a quicker ramp-up of primary cell wall expansion as well 
as an extended period of fiber elongation in TM1 compared to wild cotton. Over the 5 
time-points examined, cotton homologs of eight Arabidopsis expansins (alpha and beta) 
or expansin-like proteins (A and B classes) are differentially regulated.  The most cotton 
expansin/expansin-like genes are up-regulated in TM1 at 2 and 25 dpa, corresponding to 
an earlier, high rate of elongation in TM1 fiber and also its continued rapid elongation 
through 25 dpa.  The cotton unigene that is the best BLAST match to AtEXP15 is up-
regulated in TM1 at all time points except 20 dpa, highlighting the complexity of tissue 
and time specific regulation of individual members of multigene families. Expansins 
constitute a complex gene family in cotton (An et al., 2007) and possess a complex 
genomic and evolutionary history in general (Sampedro & Cosgrove, 2005). 
 An additional catalytic enzyme driving alteration of primary wall structures are 
the xyloglucan endotransferases (XET). Xyloglucan forms the principal part of the 
hemicellulose network that overlays the cellulose microfibrils. The XET enzymes are 
responsible for cleaving and reconnecting the xyloglucan polymers thereby allowing 
insertion of new cell wall components (Nishitani & Tominaga, 1992).   At each time 
point we examined, several members of the XET family were up-regulated from 2 -16 
fold in domesticated Upland cotton. This shows that genes whose protein products are 
responsible for mediating change in cell wall architecture are differentially expressed at 
equivalent time points between wild and domesticated cotton. 
 Beyond transcriptional changes related to cell wall architecture, we also find 
altered expression of the machinery supporting de novo synthesis of the cell wall. A key 
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element of rapid cell wall growth is the utilization of sucrose resources within the plant, 
both new synthesis of sucrose and the import of sucrose from the phloem. Despite its 
name, SUS most commonly degrades sucrose to release UDP-glucose and fructose in 
heterotrophic cells (Haigler et al., 2001). This enzyme has key roles in cotton fiber 
development: (a) it generates hexoses to help build the high turgor and/or promote 
primary wall synthesis required for cotton fiber initiation and elongation (Ruan et al., 
2005) and (b) it supplies UDP-glucose to secondary wall CESA proteins (Amor et al., 
1995; Salnikov et al., 2003). At 2, 7, and 10 DPA, there was no differential expression of 
SUS between TM1 and wild cotton, which suggests that the role of SUS during primary 
wall synthesis was fixed early in cotton evolution and that the fast elongation beginning 
selectively in TM1 at 10 DPA did not depend on transcriptional control of SUS. 
However, SUS activity is under substantial cellular regulation (Haigler et al., 2001); for 
example, high concentrations of sucrose promote its association with membranes 
(Bieniawska et al., 2007). In contrast to similar expression of SUS isoforms during 
primary wall synthesis, there was substantial differential regulation of SUS at 20 and/or 
25 DPA during secondary wall deposition. Cotton genes homologous to four of six 
Arabidopsis genes (SUS3, AT4G02280; SUS4, AT3G4310; SUS5, AT5G37180; SUS6, 
AT1G73370) were up-regulated in domesticated fiber at one (for an AtSUS4 homolog) or 
both days. Since supplying UDP-glucose to CESA proteins via SUS has energetic and 
biochemical advantages (Haigler et al., 2001), it is possible that additional SUS protein 
has increased the metabolic efficiency of secondary wall thickening in domesticated 
fiber. In contrast, a cotton homolog of AtSUS4 (AT5G20830) was down-regulated at 25 
DPA in domesticated fiber. Arabidopsis research has not revealed distinct cellular roles 
for SUS isoforms under normal growth conditions (Bieniawska et al., 2007); therefore, 
the potential consequence of this difference between domesticated and wild fiber requires 
further investigation in cotton.  Indicating the complexity of control of sucrose levels in 
fiber, at 2 dpa sucrose symporters were down-regulated in domesticated TM1 compared 
to yucatanense, but SPP, sucrose phosphatase, which catalyzes the final step of sucrose 
production, was up-regulated (Fieulainea et al., 2005). 
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Recently characterized in Arabidopsis but unexplored in cotton, IMPAIRED 
SUCROSE INDUCTION1 (ISI1, AT4G27750) has been shown to regulate plant response 
to sugar levels; isi1 mutants display both elevated chlorophyll levels and failure to induce 
starch production, suggesting he isi1 mutants are incapable of appropriately regulating 
sugar content (Rook et al., 2006).  Developing Upland cotton fiber has higher transcript 
accumulation of ISI1 at all 5 time points we sampled when compared to wild 
yucatanense. Rook et al. (2006) showed ISI1 to be localized to the phloem in Arabidopsis 
but inducible in the mesophyll cells under high sugar regimes. isi1 mutant plants are not 
as vigorous in growth and measurements of sugar content from mature leaf phloem 
exudate confirm that isi1 plants produce carbohydrates normally but are unable to utilize 
them for growth.  Given the role of ISI1 in Arabidopsis and the high expression level in 
domesticated cotton fiber, we speculate that ISI1 regulatory shifts may have played an 
important role during the domestication process for cotton fiber.  
Sugar importation and synthesis feed directly into cell wall synthesis including  
cellulose microfibril biogenesis facilitated by the cellulose synthase (CESA) family of 
proteins. The CESA gene family in Arabidopsis has 10 members, with distinct groups of 
3 required for primary or secondary wall synthesis as described above. In surveying the 
comparisons between TM-1 and wild cotton at 2, 7, 10, 20, and 25 dpa, relatively little 
differential expression of CESA genes was observed (none at 7 dpa or 20 dpa, when 
secondary wall synthesis was beginning in both genotypes). This is consistent with 
conservation of the basic mechanisms of primary and secondary wall cellulose synthesis 
within the land plants. However, at 2 and 25 DPA, a cotton homolog of AtCESA3 
(AT5G05170) was up-regulated, and at 10 DPA, cotton homologs of AtCESA5 
(AT5G09870) and AtCESA6 (AT5G64740) were up-regulated. Although a specific 
regulatory role of AtCESA3 or AtCESA6 within the primary wall set of CESA genes is not 
known, cotton homologs of these genes might facilitate a prolonged period and/or early 
onset of fast elongation in domesticated fiber. It is interesting that a cotton homolog of 
AtCESA5 was up-regulated at 10 dpa because AtCESA2, 5, 6, and 9 are closely related 
genes arising from an AtCESA6-like progenitor (Haigler and Roberts, in press) after the 
two most recent (crucifer-specific) duplications of the Arabidopsis genome (Bowers et 
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al., 2003). In Arabidopsis, the AtCESA6-like genes are adopting tissue-specific roles 
(Bowers et al., 2003; Persson et al., 2007), and it is possible that cotton polyploidization 
allowed similar divergence toward an AtCES6-like gene family with possible mechanistic 
advantages that are still unknown.  Somewhat surprisingly, a gene encoding a 
CELLULOSE SYNTHASE-LIKE E1 (CSLE1) protein, likely a beta-glycan synthase for an 
as yet uncharacterized hemicellulose component of the cell wall (Vergara & Carpita, 
2001), is down-regulated >3 fold at all time points during fiber development in the elite 
representative TM1.  Perhaps the synthesis of a particular hemicellulose is down-
regulated that would otherwise strengthen and reinforce the cell wall, thereby limiting 
growth and expansion. For each time point we examined, O-METHYLTRANSFERASE1 
or OMT1 is either the most down-regulated gene in TM1 (>55-fold less transcript) 
compared to yucatanense or it places in the top 20 among down-regulated genes. OMT1 
is responsible for the methylation of the polyphenolic ring in monolignols, the precursors 
to lignin biosynthesis (Li et al., 1999).  It is asserted that domesticated cotton fibers 
contain no lignin, which increase their utility for human uses. However, we are unaware 
of any attempts to quantify lignin content within wild cotton fibers.  Given our data, there 
is the distinct possibility that artificial selection by humans eliminated a lignin fraction 
from the secondary walls of wild cotton fibers. 
Hovav et al. (2008) and Chaudhary et al. (2008) speculated that differential 
regulation of programmed cell death (PCD), a process that may end the life of a cotton 
fiber, may in part be responsible for the longer growth window in domesticated cotton. A 
key signaling dimension to PCD is the redox state the cell, which is sensed through the 
levels of free radicals and other reactive oxygen species, which at high titer can lead to 
cell damage (Neill et al., 2002).  Previous work by these authors found an apparent 
increased capacity in species and lines with longer fiber to express genes whose products 
regulate the overall redox state of the cell through reactive oxygen species quenching and 
sequestration. Between TM1 and yucatanense, the GST family of genes is up-regulated in 
TM1 compared to the wild yucatanense.  Glutathione s-transferases (GST) are largely 
responsible for scavenging free radicals (often in the form of periodic lipids and oxidized 
sulfur moieties) to glutathione, a simple tripeptide (Edwards et al., 2000).  This broad 
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increase in gene expression across an entire gene family can either be viewed as a 
pathway to an extended growth period via delayed onset of apoptosis, or conversely, a 
necessary metabolic accommodation associated with a higher rate of metabolism 
necessary for rapid elongation of the cell wall. Further physiological and genetic analysis 
is necessary to understand better this dimension of cotton fiber growth.  
In contrast to metabolic modifications, there is differential regulation of genes 
with protein products that drive the apoptotic process.  Although having a different 
protein sequence specificity, plant metacaspases have been shown to be important 
promoters of PCD during embryogenesis in a gymnosperm and during PCD following the 
hypersensitive response to Botrytis cineria in tomato (Hoeberichts et al., 2003).  
METACASPASE9 (MC9) is the most up-regulated annotated gene at 2 dpa and remains 
up-regulated in TM1 compared to yucatanense; expression declines over this time period 
from a >45-fold overexpression at 2 dpa to a 1.5-fold overexpression at 25 dpa.  The 
implication of this curious expression pattern is unclear and highlights the need for 
further research into possible mechanisms for implementation of PCD that may occur 
during cotton fiber maturation.   
As many annotated genes have unclear roles in fiber development and 
domestication, many of the most up-regulated and down-regulated genes from this 
experiment are cotton specific (i.e., no homologs and no significant sequence similarity 
in the NCBI nucleic acid and protein repository).  For example, among the top 20 TM1 
up-regulated genes at 23 dpa, 7 have no known annotation. Indeed, fully 1/6 of all genes 
we diagnosed as differentially expressed had no significant annotation based on BLAST 
analysis or protein domain annotation.  Such a long unannotated list (>1000 genes) 
bespeaks our limited understanding of the genes involved in cellular growth and 
regulation, especially of specialized cell types such as cotton fiber.   
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Modularity and selection. An important implication of the present study is that artificial 
selection during domestication may be manifested as an extraordinarily complex process 
at the level of gene expression, even in systems entailing the morphological 
transformation of a single-celled structure.  Here we demonstrate altered expression 
patterns for over 9,000 genes associated with the domestication of cotton fiber. We 
emphasize that these are global transcriptomic changes associated with domestication 
without knowledge of the causative genetic lesions. Although our experiment as 
constructed cannot elucidate the specific genetic changes associated with domestication, 
several of the genes discussed above may have been involved.  The large numbers of 
differentially expressed genes indicate, however, that the effects of the lesions 
accompanying domestication have had multiple cascading downstream effects on pattern 
determination and initiation machinery of cotton fiber trichome development, as well as 
subsequent primary and secondary wall synthesis.  In future work it will be quite 
interesting to connect the underlying mutational basis of the domestication process to the 
complex transcriptional alterations, in terms of the numbers and types of genes involved 
and their timing and mode of action during fiber development.  One can envision that 
progress along these lines might emerge from comparisons of near-isogenic introgression 
lines, or other QTL-based methods of gene discovery.  To the extent that such progress is 
achieved, insight will be gained into the basic biology and transcriptional network 
machinery of fiber biology and development.  In this respect it is notable that 
transcriptional alterations among the ~9,000 significantly differentially regulated genes 
are not random with respect to developmental pattern of expression.  Instead, and as 
illustrated in Figure 4, gene expression and gene expression alteration appears to be 
“modular”, in the sense that large, complex networks of genes seem to be simultaneously 
and similarly affected by selection under domestication. For example, as indicated in 
Figure 4, Row 4, Column 1, genes with low expression early in fiber development have 
been notably up-regulated early in the domesticated TM1.  These 469 genes in include 
massive up-regulation of the TTG class of genes, known to be expressed in developing 
seed coat and some of which, as noted above, are critical to fiber development.  
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Additionally, several of the Aux/IAA transcription factors mentioned above are also up-
regulated within this ‘module’.  Finally, the EXP class of proteins are greatly up-
regulated at this critical phase of elongation. It is striking to find this many genes known 
to be involved in primary cell wall synthesis up-regulated in such a way that mimics the 
superior ability of domesticated cotton to produce long fiber.  
As a second example, the cells in Figure 4, Rows 4 & 5, Column 6 (573 and 414 
genes respectively) represent general up-regulation of gene expression in domesticated 
TM1 versus the domesticated yucatanense.  Functionally, these genes include members 
of the primary cell wall CesA family up-regulated as well as SUS and XET genes, all of 
which are logically related to the substantially prolonged primary cell wall growth phase 
in TM1 compared to yucatanense.  Such coordinated shifts in expression among these 
genes strongly suggests that artificial selection, here domestication, acts on the 
transcriptome by altering important nodes of connectivity for the molecular process 
underpinning the development of the morphological trait experiencing selection. For the 
large classes of genes in Figure 4, we provide their lists in Supplemental Table 3. 
Related to the above, and as described above, the genes experiencing expression 
change associated with domestication are implicated in diverse biological processes and 
stages of cell growth, as reflected in the numerous significant GO classifications at each 
stage of fiber development.  Although some of these make sense when framed with 
respect to shift in growth pattern that is observed in the domesticated, elite cottons, over- 
or underexpression of certain genes need not reflect an increase or decrease in the 
maximal expression, but rather a shift in timing likely dictated by alteration in one or two 
key upstream players in fiber initiation and development.  Other genes appear to have had 
their expression elevated or decreased beyond the bounds of the wild-type expression 
level.  A deeper understanding of these observations will require both knowledge of the 
mutations selected during domestication and tools that permit visualization and 
interpretation of the resulting alterations in the transcriptomic network. Such insight will 
lead to an enhanced appreciation of how the evolutionary process perturbs nodes of 
connectivity within gene expression organization, rewriting the timing and tempo of 
expression that ultimately give rises to novel phenotypes. 
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FIGURES AND TABLES 
Figure 1. Domestication of Upland Cotton. Bottom row: domestication by humans. Wild 
G. hirsutum is an undisciplined shrub growing in negative association with humans, 
integrated into native coastal vegetation (shown bottom left is var. yucatanense, courtesy 
of J. McD. Stewart).  Domestication has led to a ~7000 year history of development of 
perennial dooryard forms, landraces, and annualized forms, the latter providing the 
foundation for modern improvement programs. Middle row: comparison of a single seed 
from wild G. hirsutum with one from domesticated cotton. Top row: scanning electron 
microscopy images of cotton ovules at 2 dpa, illustrating differences in location and 
density of fiber initials.  
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Figure 2. Representative micrographs of G. hirsutum fiber during development, using 
POL and DIC optics to reveal the onset of wall thickening near 20 dpa in G. 
hirsutum: (A) domesticated TM1; (B) wild var. yucatanense. In (A, B), the main 
micrographs are POL images, showing white birefringence of cellulose against a 
black background, whereas the insets are DIC images revealing the angle of 
microfibrils in the winding layer (grey striations, with the angle emphasized by 
the white line). The magnification bar in the lower left corner of (B) applies to the 
whole figure, and it represents 100 µm for the main POL images and 20 µm for 
the DIC images in the insets. 
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Figure 3. Genes differentially expressed during fiber development in G. hirsutum.  Top 
row: domesticated TM1. Bottom row: wild var. yucatanense.  Green ellipses 
represent time points of RNA collection, from 2 to 25 dpa (days post-anthesis). 
Arrows represent contrasts used in the statistical model. Numbers above or inside 
the arrows are the number of genes differentially diagnosed for the specified 
contrast.  For example, for the two stages 2 and 7 dpa within domesticated G. 
hirsutum, 1988 genes were up-regulated at 2 dpa, whereas 545 were more highly 
expressed at 7 dpa.  Contrasts are also shown between wild and domesticated G. 
hirsutum; for example between TM1 and yucatanense at 2 dpa, 2904 genes were 
more highly expressed in the domesticated form, while for the same contrast 2133 
are up-regulated in the wild cotton.   
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Figure 4.  Transition matrix of expression pattern changes associated with G. hirsutum 
domestication.  The eight magnitude-independent expression patterns recovered 
by PAM clustering found among differentially expressed genes in yucatanense 
are shown in red down the left side, with the same patterns found in domesticated 
TM1 shown across the top in black.  Plots represent the mean expression at each 
time point among all genes exhibiting each pattern. Cells contain the number of 
genes switching expression pattern during the transformation of wild into 
domesticated cotton.  The diagonal represents genes that did not change 
expression pattern between TM1 and yucatanense, but which experience a 
statistically significant shift in magnitude at one or more time points.  
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 Figure 5. Relative expression of control genes validating cotton fiber developmental 
stages in G. hirsutum. In each panel, the x axis represents days post-anthesis (dpa) 
and the y axis represents the normalized, relative expression level of the gene 
listed.  The red line corresponds to var. yucatanense and the blue line to the 
domesticated cotton TM1. Shown are COBL1, a COBRA like protein involved in 
primary wall synthesis (panel A); CesA1, encoding a subunit of the cellulose 
synthesis rosette involved in primary cell wall synthesis (panel B); GhRAC13, a 
GTPase modulator of H2O2 and associated with secondary wall deposition (panel 
C); COBL4, a COBRA protein involved in secondary cell wall deposition (panel 
D); and CesA4, encoding a subunit of the secondary cell wall deposition rosette 
(panel E).   
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Figure 6. Key regulators of cotton fiber initiation and maturation are differentially 
expressed in G. hirsutum. The x axis represents days post-anthesis (dpa) and the y 
axis represents normalized, relative expression levels.  Red corresponds to var. 
yucatanense and blue to TM1. The panels highlight 4 genes diagnosed as 
differentially expressed; CAPRICE (A), TTG1 (B), ETC1 (C) and GL2 (D).  
These genes include both positive and negative regulators of trichome initiation.  
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Table 1. Our analysis diagnosed >500 GO categories for molecular function as 
over enriched in the set of genes diagnosed as differentially expressed between 
wild and domesticated G. hirsutum fiber during development. This table provides 
a summary of the GO categories with likely rolls in trichome development and 
maturation.  For a complete list, see Supplementary Table 1.  
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Table 1. Enriched GO Terms By Time Point 
Time Point (dpa) Process GO Term 
2 DNA/RNA metabolism ribonucleotide biosynthetic 
process; 
purine nucleotide metabolic 
process 
Ion transport ATPase activity, coupled to 
transmembrane movement of 
ions; 
substrate-specific transmembrane 
transporter activity 
Cell cycle regulation negative regulation of cell 
division; 
G1 phase of mitotic cell cycle 
Chromatin organization chromatin silencing; 
telomere organization and 
biogenesis; 
covalent chromatin modification 
Morphogenesis organ development; 
anatomical structure 
morphogenesis; 
regulation of cell differentiation; 
regulation of cell differentiation; 
negative regulation of trichoblast 
fate 
7 Brassinosteroid response and metabolism brassinosteroid metabolic 
process; 
brassinosteroid homeostasis; 
response to brassinosteroid 
stimulus 
Ion transport regulation of ion transport; 
anion channel activity 
10 Cell wall structure xyloglucan transferase; 
root hair tip growth 
Actin activity actin monomer binding 
Morphogenesis shoot development; 
axis determination 
20 
 
 
 
Cell division cell division; 
cytokinesis 
Cell wall growth cell root hair tip growth 
25 Apoptosis apoptosis induced by oxidative 
damage 
Nucleoside/tide metabolism uridine biosynthetic process; 
pyrimidine ribonucleoside 
metabolic process 
nucleoside metabolic process 
Water relations water channel activity; 
water transporter activity 
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Calcium activity calcineurin complex; 
calcium-dependent protein 
serine/threonine kinase activity 
Microtubule processes microtubule cytoskeleton; 
microtubule-based process 
Wax synthetic processes wax biosynthetic process 
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CHAPTER FOUR 
 
Cotton fiber genome-wide expression evolution under independent domestication  
of three cotton (Gossypium) species 
 
A paper submitted to Genomics and Evolution 
Ryan A. Rapp10, Ran H. Hovav11 and Jonathan F. Wendel12 
 
ABSTRACT 
Cotton domestication has occurred four separate times on three continents. Here we 
examine global transcriptional alterations in cotton fiber development that accompany 
domestication in three species; the allotetraploid and dominant cottons of commerce G. 
hirsutum and G. barbadense and the diploid G. herbaceum. Under glass house conditions 
we sampled from wild and domesticated accessions of each species at five time points 
that correspond to initiation (5 dpa), primary cell expansion (7 dpa), rapid primary cell 
wall extension (10 dpa), transition to secondary cell wall deposition (20 dpa) and 
secondary cell wall deposition (25 dpa). Remarkably, out of over 12,000 genes 
differentially expressed among the three domesticate-wild contrasts, we find only 611 
genes having the same type of differential expression between the allotetraploids and 
only 102 when the diploid G. herbaceum is considered. Despite strong evidence for 
altered gene expression among regulatory and metabolic pathways involved in primary 
and secondary cell wall deposition when the species are considered individually, the 611 
genes common to more than one taxon consist of hormone response genes, homeotic 
factors, transcription factors and components of the cytoskeletal framework. Specifically, 
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we find evidence for canalization of hormone responses and several instances of 
permissive down-regulation of repressors of cell growth and wall extension. 
 
 
INTRODUCTION 
A fundamental question in evolutionary biology is how genotypes and their encoded 
networks are honed by the evolutionary process to generate novel phenotypes (Darwin, 
1859; Carroll, 1995; Doebley et al., 1995; Frary, et al., 2000; Wang et al., 2005; 
Sweeney, Megan et al., 2006). The comparative method offers a powerful approach for 
understanding the genesis of novel structures, particularly in cases where direct 
evaluation of antecedent and descendant conditions are possible, as is often the case for 
domesticated animals and plants (Darwin, 1868).  Particularly promising extensions of 
this approach arise when multiple, parallel, selective events produce similar 
morphologies through the modification of analogous or homologous structures. This 
“replaying of the evolutionary tape” across several independent lineages provides a 
powerful framework for enhancing our understanding of the mechanisms of evolutionary 
change. For example, phylogenetic analyses have demonstrated that zygomorphy 
(bilaterally symmetric flowers) has arisen numerous times within the core eudicots from 
actinomorphic (radially symmetrical flowers) ancestors (Hileman & Baum, 2003; 
Hileman et al., 2003; Preston & Hileman, 2009). Work by Hileman and colleagues has 
elucidated that critical expression changes in TCP (DNA binding, basic-helix-loop-helix) 
proteins modulate symmetry changes in multiple independent plant lineages, including 
the shift from zygomorphy to actinomorphy in the Verbenacae (Preston & Hileman, 
2009).  
A model for studying both the origin of novel phenotypes and evolutionary 
repeatability is the genus Gossypium, in which seed fiber has been altered by 
domestication on four separate times on three continents (Wendel & Cronn, 2003).  Fiber 
from cotton accounts for the bulk of the world’s textile production. Cotton fibers are 
single-celled trichomes derived from approximately one in every four cells on the 
epidermal layer of the Gossypium seed. On the day of anthesis, cotton fibers begin 
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developing in a coordinated pattern across the seed surface, with the most prominent 
elongation occurring at the chalazal end (Applequist et al., 2001). Shortly thereafter, 
cotton fiber initials enter a period of rapid elongation of the primary cell wall, which is 
followed by a transition to secondary cell wall synthesis. During this period, primary cell 
wall synthesis declines and the newly deposited secondary cell wall precludes the 
possibility of further growth, effectively arresting elongation (Kim & Triplett 2001). 
While elongation may cease, secondary cell wall deposition continues for >10 days. 
During this time, cellulose deposition thickens the cell wall nearly to the point of 
excluding cytoplasm from the cell (Kim & Triplett 2001).  Following maturation, each 
cotton seed contains approximately 500,000 fibers, consisting of about 95% cellulose and 
attaining a length of up to 6 cm in modern, highly improved varieties, with a length-to-
width ratio in excess of 2000 (Kim & Triplett 2001). Figure 1 illustrates both a wild (var. 
yucatanense) and domesticated (TM1) cotton ovule of G. hirsutum on the day of anthesis.    
Gossypium includes approximately 50 species distributed in arid and semi-arid 
regions of the tropics and sub-tropics (Wendel et al., 2009).   The genus originated ~5-10 
million years ago (mya) (Wendel & Cronn, 2003), and diverged into eight monophyletic 
and cytogenetically distinct diploid (n=13) clades presently recognized as genome groups 
(‘A’ through ‘G’ and ‘K’). In addition to the diploids, Gossypium contains one 
allopolyploid clade (AD genome; n=26) that includes five species, originating 
approximately 1-2 mya from a single merger between an A genome ancestor (much like 
modern G. arboreum and G. herbaceum) and a D genome ancestor (similar to modern G. 
raimondii) (Wendel and Cronn, 2003; Wendel et al., 2009)  (Figure 2).  
Of central importance to the present study is the fact that four different species of 
cotton were domesticated, each probably 5,000-7000 years ago, when early agrarians 
began selecting on populations of wild cottons that bore sparse, short seed trichomes 
(Wendel et al., 1995; Brubaker et al., 1999; Dillehay et al., 2007).  In each case, human-
mediated selection over the millennia ultimately gave rise to modern varieties with long, 
strong, abundant fiber that is readily ginned and spun into threads and yarns, providing 
the most important component of the global textile industry.    
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Remarkably, among the four species grown for fiber, domestication took place at 
two ploidy levels.  Two different diploid, A genome plants were selected, one from the 
Indian subcontinent, G. arboreum (A2) and one from Africa, G. herbaceum (A1) (Wendel 
et al., 1989).  Gossypium arboreum, probably native to the Indian subcontinent, accounts 
for approximately ~ 1% of global cotton production, in restricted parts of India, Pakistan, 
Thailand and Mynmar. In Pakistan, Thailand and Myanmar, G. arboreum production 
accounts for about 105,000 acres annually. In India, roughly 15% of domestic production 
is accounted for by G. arboreum, but the acreage continues to decline as it is supplanted 
by transgenic tetraploid varieties (pers. com. Rafiq Chaudry, International Cotton 
Advisory Committee). No truly wild forms have ever been discovered, despite extensive 
collection efforts. Gossypium herbaceum, the other cultivated A genome diploid, is also 
the most hardy, growing in unirrigated regions in some of the least arable land in India 
and Pakistan, accounting for 7-8% of production in those regions and less than 1% 
globally. Wild forms of G. herbaceum exist in southern Africa, and are known as G. 
herbaceum subsp. africanum. 
Gossypium allopolyploids originated following transatlantic dispersal of an A-
genome plant, similar in genomic constitution to modern G. arboreum and G. herbaceum, 
to the New World.  There it underwent hybridization, as a female (Wendel, 1989), with a 
native D genome species much like modern  G. raimondii (Figure 2).  Subsequent to this 
unlikely reunion of two divergent genomes in a common nucleus and an A-genome 
cytoplasm approximately 1-2 mya, the initial allopolyploid diverged into 5 distinct 
species with an aggregate geographical range encompassing Hawaii (G. tomentosum), the 
Galapagos (G. darwinii), Brazil (G. mustelinum), and Mesoamerica, northern South 
America and the Carribean (G. hirsutum and G. barbadense) (Fryxell, 1979 ).  
In contrast to their diploid relatives, both G. hirsutum (Upland cotton) and G. 
barbadense (Sea Island or Pima cotton) are grown widely today; in fact, G. hirsutum 
comprises 90% of cotton produced annually while G. barbadense generates another 7-
8%. Thus, New World cotton cultivation has, in recent decades, supplanted the great 
majority of indigenous Old World diploid cotton.  Population genetic and 
phylogeographic studies have shown that the G. hirsutum domestication likely originated 
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in the Yucatan peninsula of Mexico, from early selection on the truly wild G. hirsutum 
var. yucatanense (Brubaker & Wendel, 1994).  Allozyme analysis and other evidence 
indicate that G. barbadense was domesticated on the western slopes of the Peruvian 
Andes (Percy & Wendel, 1990; Dillehay et al., 2007).    
As noted above, Darwin recognized that crop plants provide excellent systems to 
study the evolution of morphological change; indeed, many key insights into the 
evolutionary process have emerged in the last decade from QTL mapping and association 
studies, revealing, for example, specific genetic lesions responsible for the non-branching 
habit of corn (Clark et al., 2006), the naked grains of corn (Wang et al., 2005), increase 
in fruit size and weight in tomato (Frary et al., 2000) and the red pericarp of rice 
(Sweeney  et al., 2006).  While these studies have identified the causative DNA 
polymorphisms responsible for key morphological transitions, few studies have examined 
the global alterations in the transcriptional network accompanying domestication. 
Understanding the transcriptional differences between a domesticated plant and its 
antecedent can lead to novel insights into the metabolic and regulatory pathways affected 
by the domestication process.  Such experiments in cotton have explored the global gene 
expression profiles of developing cotton fiber and discovered many pathways that are 
differentially regulated between wild and domesticated forms of G. barbadense 
(Chaudhary et al., 2008) and G. hirsutum (Rapp et al., 2009), providing clues into the 
genetic architecture and metabolism that were affected by selection. These two studies 
address parallel evolution of a single-celled trichome from two closely related, yet 
distinct species, laying the groundwork to address questions concerning parallel evolution 
of the transcriptome during cotton domestication. Here, we conduct such an analysis, 
examining a coordinated sampling of three species of domesticated cotton, the two 
allopolyploids, G. barbadense and G. hirsutum, and the one diploid for which a wild 
representative exists, G. herbaceum.  For all three species, we explored the transcriptome 
at key stages of fiber development, including initiation, rapid expansion, and primary and 
secondary wall synthesis. By exploiting this natural system and examining each wild-
domesticate pair in a statistically comparable framework, we elucidated the extent of 
overlap and divergence of the transcriptome during development of the three species, and 
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how each has responded to artificial selection under domestication. Through including 
the contrast between the diploid and allopolyploid, we sought to understand the role 
hybridity and polyploidy have played in cotton domestication. We find that longer fiber 
production is associated with alteration of a core set of genes common to all three species 
and the three gene sets of each contrast we examined; we also find key elements of the 
known trichome developmental pathway to have altered expression in all three species. 
 
 
MATERIALS AND METHODS 
Plant Material and Tissue Collection. We selected both elite domesticate lines and wild 
representatives of G. hirsutum, G. barbadense and G. herbaceum.  For G. hirsutum we 
selected the genetic and cytogenetic standard, Texas Marker Stock 1 (TM1), derived from 
elite germplasm, to represent modern domesticated Upland cotton.  For wild G. hirsutum, 
we used an accession of var. yucatanense (GRIN accession TX2094, collected by J. 
McD. Stewart), shown in Fig. 1 and identified by RFLP analysis (Brubaker & Wendel, 
1994) and morphological evidence as an excellent exemplar of truly wild (as opposed to 
feral) G. hirsutum. For G. barbadense we selected the elite variety Pima S-6 and the 
Bolivian accession G. barbadense var. AZK101 (PI 528337), which has been shown by 
allozyme analysis to be representative of the wild condition (Percy & Wendel, 1990).  
For the diploid G. herbaceum, we grew the classic cultivated form ‘Wagad’ and the wild 
G. herbaceum subsp. africanum accession A173. Accessions used are summarized in 
Table 1. 
 We cold-treated var. yucatanense, subsp. africanum and AZK101 seeds for 1 week 
at 4°C and gently scarified the seed coat to break dormancy. After scarification, seeds of 
the domesticates and wild varieties were planted in sterilized potting mix in the Iowa 
State University Horticultural Greenhouse. Plants were watered daily and fertilized twice 
weekly and kept at ambient air temperatures above 20°C.  Three biological replicates 
were grown with plants reaching reproductive maturity at 3-5 months; wild plants were 
short-day treated under black cloth to induce flowering. Flowers were tagged on the day 
of anthesis and developing bolls were harvested 2, 7, 10, 20 and 25 dpa (days post-
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anthesis). In the case of G. herbaceum subsp. africanum, we were only able to harvest 
tissue at 3, 10 and 20 dpa, due to the truly wild nature of the plants; these plants 
germinated poorly, flowered infrequently and had a high rate of boll abscission. Bolls 
were dissected immediately after harvest and ovules were flash-frozen in liquid nitrogen 
and subsequently stored at –80°C. To ensure that our growth points aligned with the 
previously published work of Applequist et al. (Applequist et al., 2001), we took 
subsamples of our G. hirsutum fibers and verified primary and secondary cell wall 
deposition via polarized light microscopy (Rapp et al., 2009).   
 
Isolation of Total RNA from Fibers. To separate fibers from the ovules, chilled glass 
beads were combined with the ovules and mechanically agitated under liquid nitrogen, 
using a modification of a procedure developed by Taliercio and Boykin (Taliercio & 
Boykin, 2007).  Samples were examined microscopically for ovule or other debris before 
total RNA was extracted from the sheared fibers using a hot borate/lithium chloride 
procedure amenable to cotton (Wilkins & Smart, 1996). Purified RNA samples were 
quantified using a NanoDrop Spectrophotometer (Thermo Fisher Scientific Inc., 
Waltham, MA) and checked for integrity on a BioAnalyzer chip (Agilent, Santa Clara,  
CA). We considered high-quality RNA to have a 260/280 ratio greater than 1.9 on a 
spectrophotometer and bright ribosomal bands on a Bioanalyzer. Contaminated or 
degraded samples were re-extracted.  
 
Amplification of RNA and microarray hybridizations.  We extracted RNA from 78  
samples representing 6 accessions, five time points and three biological replicates.  
These samples were treated with DNase according to the manufacturer’s protocol (New  
England Biolabs, Ipswich, MA) and linearly amplified using the TargetAmpTM 1-Round  
aRNA Amplification kit from Epicentre Biotechnologies (Madison, WI). Following  
amplification, the integrity of the RNA was checked again on a BioAnalyzer for  
contamination and degradation.  For each of the amplified RNAs, a total of 12µg was  
shipped to Nimblegen Systems, Inc.  (Madison, WI) for cDNA synthesis, labeling and  
hybridization to a custom cotton microarray.  The microarray probes are designed from a  
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global assembly of ~270,000 Sanger-based ESTs derived from G. arboreum, G.  
raimondii and G. hirsutum.  Details of the assembly of these ESTs are in Udall et al.  
(2006).  Nimblegen uses photochemistry to print 283,000 features at high  
density, allowing us to interrogate the relative expression intensity of 42,429 unigenes  
using an average of 7 distinct probes per unigene. Probes averaged 60 bp in length.  
Whenever possible, probes were designed to avoid single nucleotide polymorphisms  
between the A- and the D- genomes of the allopolyploid G. hirsutum. This was  
unproblematic for nearly all oligonucleotides, as the two diploid genomes differ by only 
about 1% in their exonic sequences (Senchina et al., 2003). In addition, the probes were 
designed to independently interrogate paralogs. Additional information about the 
specifics of the chip and its design are found at www.cottonevolution.info. 
 
Statistical Analysis. Raw expression values for each unigene represented on the chip  
were obtained by combining the values for the 7 probes through Tukey’s Biweight  
estimator (Tukey, 1977; Velleman & Hoaglin, 1981). In R (Team, 2007) these values  
were natural log transformed, median centered and scale normalized.  To assess 
differential expression we applied a standard mixed linear model to each gene in SAS 
(Littell et al., 1996) taking the form:  
yijk = µ + δi + j + sk + ij + eijk 
where the response variable yijk denotes signal intensity for genotype i, time-point j, 
biological replication k and is described by µ, intercept parameter, i , the fixed effect of 
genotype I, j the fixed effect of time-point j,  sk the random effect of replication k, ij the 
interaction between genotype i and time-point j and eijk the random error. We estimated 
the difference between chronological time points within accessions, simultaneous time 
points between accessions and chronological time points between  
accessions. We limited the contrasts to within-species comparisons to minimize spurious 
false positives to differences in hybridization kinetics. In R, we then used the method of 
Storey and Tibshirani to control the false discovery rate (FDR) (Storey & Tibshirani, 
2003).  The resultant 42,429 q-values per contrast were then used to identify genes that 
were differentially expressed for a given contrast, with the criteria of significance being a 
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q-value   0.05. Such a q-value reflects a p-value lower than 0.05. 
 
 
RESULTS 
We examined the expression of antecedent-domesticate pairs in three species of 
cultivated cotton: the diploid G. herbaceum and the allotetraploids G. barbadense and G. 
hirsutum. In the allotetraploids we were able to sample 5 time points representing an 
approximation of initiation, primary cell wall synthesis, rapid cell expansion and 
secondary cell wall deposition. Results for the intraspecific comparisons have been 
previously reported for G. hirsutum (Rapp et al., 2009) and for three time points in G. 
barbadense (Chaudhary et al., 2008). We present original results for the developmental 
profile of G. herbaceum (3 time points), two additional time points for G. barbadense, as 
well as the results of a comparative analysis of expression changes during development 
among the three species, and the effects of parallel selection pressure on transcriptome 
alteration.  At each time point we characterized the behavior of 40,429 unigenes derived 
from the cotton EST assembly, allowing us to characterize fiber development-specific 
transcriptomic changes associated with the domestication process. 
 
A large number of genes are differentially regulated between each wild-domesticate 
pair.  Of the three species examined, G. hirsutum displayed the largest number of genes 
differentially expressed between the wild and domesticated forms across all time points 
(Fig. 3).  Summed across time points, 15,164 expression changes were detected in G. 
hirsutum, whereas 9,259 expression difference were uncovered among the same five 
developmental stages in G. barbadense.  An additional difference between these two 
species is that in G. hirsutum, there was a strong bias toward up-regulation in the 
domesticated accession among the differentially regulated genes (9,000 vs. 6,164), 
whereas this was not the case for G. barbadense (4,537 vs. 4,722).  Because only three 
stages were sampled for the diploid, G. herbaceum, the numbers of differentially 
expressed genes are not directly comparable to those of the allopolyploids, but we note 
that domestication has radically altered gene expression profiles, to a comparable or 
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greater extent than in G. hirsutum.  Unlike the case with G. hirsutum, however, and more 
similar to G. barbadense, there does not appear to be a consistent bias in G. herbaceum 
with respect to directionality of expression bias: 14,061 total expression changes, 6,452 
favoring up-regulation in the domesticate and 7,604 favoring down-regulation. 
 Maximal differential expression between the wild G. hirsutum var. yucatanense and 
the domesticated G. hirsutum TM1 took place close to initiation, at 2 dpa, with over 
5,000 genes being differentially expressed.  Within G. barbadense, the maximal number 
of genes differentially expressed is ~2,500, at 25 dpa, a stage representative of maximal 
secondary cell wall synthesis.  For the sole diploid representative, G. herbaceum, 
maximum differential expression between the wild subsp. africanum and the 
domesticated cultivar Wagad occurred at 20 dpa, during the transition to secondary cell 
wall synthesis (Fig. 3).  
 The split of up- and down-regulation within and across time points is most even in 
G. hirsutum, with roughly 1,500 genes up-regulated in all contrasts and between 900 and 
1100 genes down-regulated for all contrasts. The distribution and directional bias of 
expression are different for the other species. Gossypium barbadense provides the 
sharpest contrast, where differential gene expression varies among time points from ~450 
to ~3,500 genes.  Additionally, only 2 of the 5 time points are dominated by up-regulated 
genes in the domesticate, compared to the situation for G. hirsutum, where all time points 
exhibit greater up-regulation in the domesticated than the wild form.  For the three time 
points examined in G. herbaceum, over 8,000 unigenes were differentially expressed at 
20 dpa, 4,569 were down-regulated in the domesticated cultivar ‘Wagad’ and 3,522 up-
regulated, in comparison to subsp. africanum. Close to initiation, at 3 dpa, an 
approximately equal split of ~4,700 genes were expressed at statistically different levels 
while the smallest number of genes differentially expressed was at 10 dpa, during 
primary cell wall synthesis, with ~1,200 probe sets split equally between up- and down-
regulation in the domestic cultivar ‘Wagad’ versus the wild subsp. africanum.  
 
Core groups of genes experience similar alterations in different wild-domesticate 
comparisons. To explore for parallels in gene expression accompanying the three 
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independent domestication events, we cross-referenced the lists of genes that were 
differentially expressed in each wild vs. domesticated comparison.  This analysis 
revealed small sets of genes that were jointly differentially expressed between two or 
more pairs of the wild and domesticated accessions, among the allotetraploid and diploid 
species studied (Fig. 4).  Notably, of the possible set of 40,430 unigenes, 611 were 
diagnosed as differentially expressed in all three wild-domesticate comparisons.  
Between the two allotetraploid species G. hirsutum and G. barbadense, a total of 2,156 
genes were differentially expressed in both progenitor-derivative contrasts, with the 
largest overlaps occuring both early (n = 452 at 2 dpa, Figure 5) and late (n = 390, Figure 
5) in development.  Because only two time points were sampled in diploid cotton that 
directly correspond to times sampled in allopolyploid cotton, we restricted our focus of 
overlapping genes in this case to the two developmental stages represented by 10 and 20 
dpa.  This analysis revealed an increase in overlap later in development, and that at the 
earlier of the two stages (10 dpa), more differentially expressed genes were shared with 
G. hirsutum (n = 123) than with G. barbadense (n = 25), whereas the reverse is true at 20 
dpa (n = 354 and 448, respectively) (Summarized in Figure 5).  The number of shared 
differentially expressed genes is even higher between the diploid G. herbaceum and the 
tetraploid G. hirsutum (1,946) unigenes while the smallest, yet comparable number is 
between G. barbadense, an allotetraploid, and G. herbaceum (1,371 unigenes). 
Similarities and differences are summarized in Figure 4. 
  
 
 
 
DISCUSSION 
Throughout recorded history and among diverse peoples spanning much of humanity in 
both the Old and New Worlds, the genus Gossypium has played an important role in 
human society and commerce (Yafa, 2004). Through accidents of dispersal history and an 
unlikely genomic merger that antedated the origin of Homo sapiens, wild progenitors of 
species that would much later become domesticated came to occupy both hemispheres, 
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ultimately leading to the peculiar and unique situation in which four separate species at 
two different ploidy levels were selected for domestication on opposite sides of the world 
(Brubaker et al., 1999; Wendel & Cronn, 2003). From a biological perspective, it is even 
more remarkable that early humans would recognize naturally occurring variants within 
each species and exercise sufficient selection during domestication to transform rangy, 
undisciplined perennials with sparse, short, coarse fibers into modern, high-yielding 
annualized forms with abundant, long, fine fibers.  Here we endeavored to characterize 
the expression changes that resulted from this history, studying critical fiber development 
time points to compare global transcriptomic changes within and between wild and 
domesticated forms of two allotetraploid species and one diploid species. We assayed 
40,430 genes during primary and secondary wall synthesis using a cotton-specific 
microarray platform, to reveal the nature of the transcriptomic alterations that have 
resulted from human selection on superior fiber phenotypes. This analysis is independent 
of any knowledge regarding the specific genetic variants that ultimately are responsible 
for the morphological transformations between wild plant and elite cultivar, yet this level 
of analysis is important in that the selected phenotypes must be modulated by and derived 
from the accompanying transcriptomic changes underlying domestication.  Thus, to this 
extent, the present study may have some generality with respect to the evolutionary 
process, as it reveals the complexity of the alterations in the transcriptomic network that 
may derive from selection, even for a single-celled structure.   
 
A core set of genes is differentially regulated in both allotetraploid and diploid cotton. 
As outlined above, a large number of differentially expressed genes characterize both 
fiber development and fiber evolution, for each of the three species studied.  Although 
most of these are unique to one or the other of the three species examined, a core set of 
genes (n = 611) are differentially expressed in all three domesticate vs. wild comparisons. 
Given the understanding that the cotton transcriptome is extraordinarily complex, perhaps 
entailing expression of most genes (Hovav et al., 2007), one might view it as remarkable 
that there is such little overlap in the effects of parallel selection under domestication. 
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The distribution of shared differential expression is uneven both across time and across 
species (Figs 4-5 and Table 2).   
We evaluated the lists of shared, differentially expressed genes to assess whether 
the direction of differential expression was equivalent in all contrasts, as expected for 
parallel selection. For example, one might hypothesize that a gene diagnosed as up-
regulated in wild G. hirsutum at 25 dpa, relative to domesticated G. hirsutum, would be 
similarly up-regulated in wild G. barbadense at 25 dpa. For time points where we 
sampled the diploid G. herbaceum as well, we examined the set of common genes for 
both the contrast at the allotetraploid level and the diploid plus the allotetraploid levels.  
This approach reduced the number of genes shared between the contrasts; in fact many 
genes diagnosed as differentially expressed in one contrast were diagnosed as 
differentially expressed in the opposite direction in another contrast.   
This observation highlights the high statistical power of the microarray 
experiments, and that inclusion of additional species in the comparative method can aid 
in understanding the relevance of expression changes. A useful model for this analysis is 
shown in Fig. 6.  For example, up-regulation in all three domesticates indicates that either 
selection or genetic drift led to parallel increases in transcript levels in all three species 
(Fig. 6, panel A), while down-regulation in all three domesticated lines indicates parallel 
decreases for a particular gene (Fig. 6, panel B).  This approach can be extended to 
understand the contrast of allopolyploid domestication and diploid domestication.  For 
example, shared up-regulation or down-regulation in the two allopolyploid domesticates 
but not in the diploid domesticate (Fig. 6, panels C, D, respectively) may comprise 
evidence of an allopolyploid-specific mechanism of selection, such as increased (due to 
dosage effects, for example) or decreased (due to double repression, for example) 
transcription arising from gene and genome duplication.  Additional possibilities include 
differential expression in opposite directions between the allotetraploid species (Fig. 6, 
panel E), or differential expression of a gene at the tetraploid level, but equivalent 
expression of one allopolyploid with the diploid (Fig. 6, panel F).  All of these possible 
interspecific expression patterns of shared, differentially expressed genes were observed 
in our data. At a genome-wide level, the number of genes that are differentially expressed 
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but are not shared among two or more species is striking, especially when the contrast of 
wild vs. domesticate is considered across all three species (Fig. 4).  Considering that the 
universe of differentially expressed genes potentially encompasses over 12,000 unique 
unigenes (unique genes condensed from all significant expression changes at all time 
points in all species), only about 4% of these are shared by all three species (n= 611).   
The genes that exhibit same direction of differential expression (up or down) 
following domestication are particularly worthy of attention, as this evolutionary 
repeatability speaks to potential function related to fiber properties of importance to 
humans.  In this respect, it is striking that nearly half of all such genes shared between G. 
hirsutum and G. barbadense arise from comparisons involving single stage just after 
initiation (2 dpa), with 209 genes up-regulated and 181genes down-regulated in the 
domesticated cultivars compared to their wild progenitors (Table 2).  Comparing this set 
of genes to the closest time point representing initiation in G. herbaceum reduces the 
number of shared genes to 25 up-regulated and 66 down-regulated in the domesticated 
cultivar, but it is noteworthy that there are 90 such shared expression changes early in 
development and a total of only 12 across the two stages (10, 20 dpa) representing 
primary and secondary wall synthesis. At the onset of secondary cell wall synthesis (20 
dpa), genes with shared expression alteration in both allotetraploid species totals 51 up-
regulated and 19 down-regulated, and when G. herbaceum is included, 7 genes exhibit 
shared up-regulation whereas 5 show down-regulation.  During secondary cell wall 
deposition at 25 dpa, 134 and 119 genes are common between up- and down-regulated 
classes of the two allotetraploid domesticates. 
These results indicate that the effects of human selection during cotton 
domestication are most “repeatable” for the genes early in development.  Subsequent 
developmental time points have fewer genes in common among species; for example, 
during rapid primary cell wall expansion (7 dpa), only 31 and 16 genes are shared as up- 
and down-regulated, respectively, in the allotetraploid cultivars relative to their wild 
ancestors. The numbers are even smaller during rapid expansion at 10 dpa, where only 20 
and 9 genes are up- and down-regulated, respectively. When comparable stages are 
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sampled for G. herbaceum, there are no shared genes between the three domestication 
events.  
Contrasting the numbers represented in Figure 5 with those in Table 2 highlights a 
second dimension to our data, i.e., that a large number of genes appear to be differentially 
expressed between wild and domesticated cultivars in two or more species, but that the 
direction of expression alteration is in opposite directions (e.g., modeled in Fig. 6, panel 
E).  For example, at 2 dpa, 452 genes are differentially expressed in both the wild vs. 
domesticated contrasts within G. hirsutum and G. barbadense.  Of these genes, 390 are 
directionally equivalent, leaving the remaining 62 genes as differentially expressed in the 
two species but it different directions. 
We previously reported a strong correlation between the developmental stages 
observed microscopically for G. hirsutum TM1 and var. yucatanense and the behavior of 
key genes known to be markers of key time points in primary and secondary fiber cell 
wall biosynthesis (Rapp et al., 2009). Given this observation, it is remarkable that the 
only stage in which domestication appears to have resulted in large numbers of parallel 
expression level changes among species is early in development, at 2 dpa. Contrast this 
with the numbers of expression alterations unique to each species; at 2 dpa 5,036 genes 
are differentially expressed between the wild G. hirsutum var. yucatanense and the 
domesticated G. hirsutum TM1 and, similarly, 1,826 are differentially expressed between 
the wild G. barbadense AZK101 and the domesticated G. barbadense Pima S-6.   
These data highlight a third conclusion from our comparative analysis, namely, 
that shared phenotypic selection has led to massive differential gene expression in the 
three species, notwithstanding the overlap described above.  One possible explanation is a 
technical/biological conflation involving slight differences in developmental allometry, 
such that the number of shared alterations reflects a lack of precise stage homology.  A 
corollary to this possibility is domestication has differentially altered developmental 
allometry in the three species at an early stage during fiber development, resulting in 
persistent misalignment of developmental program and the appearance of few shared 
changes.   
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A second, and our preferred, explanation for the low number of shared expression 
changes among species may be that domestication, while parallel at the level of 
morphological transformation, may have been accomplished through a number of 
different molecular genetic changes unique to each of the three domesticates.  Although 
at present none of the genes responsible for these evolutionary transformations has been 
isolated, one can imagine that similar phenotypes may emerge from different 
perturbations of the higher-order transcriptional network, in each case affecting 
thousands of genes at the transcription level but ultimately being generated by a much 
smaller number of genetic changes.  Phrased another way, selection operated on 
polymorphisms unique to the unadapted genetic base of each species.  
It is interesting to consider the special case of genes differentially expressed in 
more than one wild versus domesticate comparison, but in opposite directions.  One 
possible explanation for this kind of observation is that these genes are members of mutli-
gene families, in which one paralog may have been up-regulated in one species while 
down-regulated in the other.  Examination of the gene lists for all five time points reveals 
no evidence of this. Alternatively, differential expression for this set of genes may reflect 
high intrinsic tolerance for widely varying transcript levels, for example, for proteins that 
are either stable in concentration or relatively insensitive to changes in transcript 
abundance.  An additional explanation may be that the expression levels for these genes 
is largely neutral, was polymorphic in this respect in the wild populations, and randomly 
(and differently) fixed during the domestication bottleneck. Finally, some genes may 
correspond to pathways that were altered by domestication for different reasons, e.g., 
length in one species and fineness in a second species. For example, the fibers of G. 
barbadense are stronger on a per millimeter basis than those of G. hirsutum and this may 
be reflected in unique genes and pathways being differentially selected between wild-
domesticate pairs. Work by Rapp et al. highlighted genes potentially involved in the 
reduction of lignin during G. hirsutum domestication (Rapp et al., 2009). 
 
Shared differential gene expression early in development. The largest cluster of shared 
differential expression is for the period immediately following trichome initiation (2-3 
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dpa). During this developmental stage, 391 of the total of ~6000 differentially expressed 
genes in G. hirsutum and G. barbadense are shared between the two allotetraploid 
species.  Of this shared set, 209 were jointly up-regulated in the domesticated lines TM1 
and Pima S-6 while 181 were jointly down-regulated. If the diploid G. herbaceum is also 
considered, 25 genes are shared as jointly up-regulated in all three species, whereas 66 
are mutually down-regulated.  
An interesting aspect of this analysis is that genes pertaining directly to cell wall 
synthesis are almost absent from this list.  Instead, the shared, differentially expressed 
gene lists are dominated by transcription factors, regulatory proteins and receptors. 
Common to both allotetraploid species, the single most down-regulated gene 
during early trichome development is a homolog of DARK INDUCIBLE6 (DIN6, 
AT3G47340). In fact, this holds true if G. herbaceum is considered as well. DIN6 
encodes an asparagine sythetase, known to accumulate during senescence as well as 
during high periods of sucrose accumulation (Fujiki et al., 2008). Asparagine is a key 
transport molecule for nitrogen in plants and its levels vary with photoperiod (Lam et al., 
1998).  The implication of this three-species, down-regulation in the domesticated lines is 
unclear, but the mere repeatability of this observation in three independent 
domestications is striking. It is also noteworthy that high levels of sucrose are required 
for cellulose biosynthesis and DIN6 is inducible by exogenous sucrose treatment.  It may 
be that the domesticated lines are better at retaining nitrogen in the developing fiber to 
promote nitrogen intensive processes like DNA metabolism, given that cotton fibers 
undergo an approximately 60% endoreduplication of their DNA content by 10 dpa (Hof, 
1999).   
At the other expression extreme, PROFILIN5 (AT2G19770) is up-regulated over 
27-fold in both G. hirsutum cv TM1 and G. herbaceum var. ‘Wagad’ and greater than 5-
fold in G. barbadense cv. Pima S-6.  Profilin is a low molecular weight, actin-binding 
monomer that has been implicated in facilitating acting filament reorganization during 
growth and cell shape alterations (Ramachandran et al., 2000).  Transgenic tests in 
Arabidopsis have shown that constitutive over-expression of profilin results in a doubling 
of root hair length (Ramachandran et al., 2000). The high degree of over-expression in 
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the domesticated varieties of these three domesticated cottons not only highlights the 
importance of actin skeleton modulation during fiber growth, but lends molecular support 
to the morphological analogy of root hair and fiber (Rapp et al., 2009).  Additionally, the 
similar modification under three domestication histories strongly suggests that profilin 
over-expression, directly or indirectly, comprises one part of a pathway to increased seed 
trichome length. When only the two allotetraploid cottons are considered, the likely 
PROFILIN3 (AT5G56600) homolog in cotton is also up-regulated in the domesticated 
cultivars, suggesting possible differential recruitment during the fiber developmental 
process. 
As the actin skeleton is important to shape and growth, so is the microtubule 
network within the plant cell. A homolog of AtMAP65-6 (AT2G01910), a 65 kD 
monomeric protein that is targeted to the mitochondria in Arabidopsis, is down-regulated 
in both allotetraploid domesticates. AtMAP65-6 is unique among the MAP65 genes, as it 
does not promote linear tubulin bundling, but instead promotes the forming of a mesh-
like network among tubules (Mao et al., 2005).  The implication of this observation is 
unclear, but suggests a role for the cotton homolog(s) in promoting longer fiber. 
A particularly striking example of shared regulatory evolution is offered by 
GhMyb25, a known repressor of trichome fiber development and cell wall outgrowths in 
the Brassicales (Machado et al., 2009). The majority of myb-type transcription factors 
have been implicated in regulating physiological and developmental processes; a few 
have been tied to morphology. Chief among these has been the Antirrhinum locus 
MIXTA, a R2R3-type MYB which promotes epidermal outgrowth in the asterids 
(Antirrhinum and Petunia) (Perez-Rodriguez et al., 2005). Contrary to its function as a 
positive regulator of epidermis outgrowth, an Arabidopsis homolog, the NOK locus 
(AtMyb106), is a suppressor of epidermal outgrowth, as is its counterpart in cotton 
GhMyb25 (Jakoby et al., 2008).  Such a divergence of function among taxa suggests that 
either a functional shift arose during the split between the Rosids (Gossypium and 
Arabidopsis) and the Asterids, or that different paralogs are involved, potentially driven 
by a round of genome duplication unique to the rosids. In our data, GhMyb25 is down-
regulated in both allotetraploid domesticates when compared to their wild counterparts, 
 95
but not in 3 dpa in wild G. herbaceum.  Transcriptional characterization in Arabidopsis 
has shown that AtMyb106 responds in a light-dependent manner (Tepperman et al., 
2001). This myb-type transcription factor may be an excellent source of mutations related 
to fiber length, given the high-level gene cascade it controls. 
It bears mentioning that one additional myb-like transcription factor is down-
regulated in all 3 domesticated species.  This myb, with homology to the Arabidopsis 
gene AtMyb93, is largely unannotated, and its molecular function is unknown. 
The allotetraploids G. hirsutum and G. barbadense also share up-regulation, in the 
domesticated lines, of an apoptotic suppressor DEFENDER OF APOPTOTIC DEATH1, 
(DAD1, AT1G32210) which is up-regulated >5 fold in both domesticated cultivars.   
DAD1 was originally discovered in immortal hamster cell lines and is highly conserved 
in eukaryotes. In fact, DAD1 homologs can compliment mutants in cross-phyla 
complementation tests (Tanaka et al., 1997).  Previous work comparing the fiberless G. 
longicalyx (F-genome) to the A-genome origin of fiber within Gossypium led the authors 
to speculate that modulation in the redox state and apoptotic cell processes may have 
extended the life of the growing fiber cell by suppressing apoptotic machinery 
(Chaudhary et al., 2008; Hovav et al., 2008).  The up-regulation of DEFENDER OF 
APOPTOSIS1 lends support to this notion that modulation of intrinsic cell death 
pathways has been important during domestication for enhanced fiber length.    
A central process in plant growth and development is hormone signaling. Within 
initiating cotton fiber, several hormone-related genes are shared in cross-species 
contrasts. Gibberellins are strong promoters of plant growth and development and are 
recognized by three major receptor-lipases in Arabidopsis, including GID1β 
(AT3G63010) (Griffiths et al., 2006). Mutants at this locus appear dwarfed and are 
resistant to exogenous application of gibberellins that typically promote growth.  A 
cotton homolog of GID1β is down-regulated in both allotetraploid domesticates 
compared to their wild counterpart, suggesting that humans selected for insensitivity to 
light-based, gibberellin-mediated growth, obviating shade-limited responses during boll 
formation.   
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Relevant to the foregoing is the observation that a likely cotton homolog of the 
Arabidopsis gene DFL2 (AT4G03400) is down-regulated in the domesticated forms of 
both allotetraploid species. DFL2 regulates red light-mediated hypocotyl expansion; 
over-expression inhibits hypocotyl elongation resulting in a dwarf phenotype (Takase et 
al., 2003).  In our experiments the apparent cotton homolog of DFL2 is >5 fold down-
regulated. Additionally, a putative cotton homolog of ETHYLENE INSENSITIVE3 
(AT3G20770) is also down-regulated in both allotetraploid domesticates. EIN3 is a key 
positive regulator of ethylene response in plants and ethylene is the primary senescence 
hormone.  EIN3 turnover and static-level regulation is accomplished through F box-
directed ubiquitination (Binder et al., 2007); UBC2 (UBIQUITIN CONJUGATING 
ENZYME 2, AT2G02760) is also up-regulated in both domesticated allotetraploids.   
Down-regulation of ethylene perception coupled with the decrease in light 
sensitivity through the down-regulation of light receptive proteins, suggests that at the 
allotetraploid level there is evidence for selection for insensitivity to certain 
environmental responses that were presumably adaptive in the wild but which reduce 
yield in a row crop.  Specifically, cotton boll development is dependent on favorable 
environmental conditions; adverse circumstances such as pathogen load or drought result 
in premature boll abscission, resulting in high losses for farmers.  It is conceivable that 
the wild forms are more attuned to environmental conditions than are the domesticates, 
and that some ethylene responses have been reduced through selection during 
domestication over the past 5000-7000 years in order to increase yield. Simple hormone 
response tests designed to measure wild G. hirsutum, G. barbadense or G. herbaceum 
response (as measured by boll abscission) to exogenous ethylene versus the response of 
elite domesticates would uncover the relevance of the altered EIN3 expression we 
observed in our wild-domesticate contrasts.  
Finally, the cotton homolog of JASMONATE INSENSITIVE 1 (JIN1) is down-
regulated in both allotetraploid domesticates.  Jasmonic acid acts in the plant defense 
response pathway to induce apoptosis during the HR (hyper-sensitive) response (Nibbe et 
al., 2002). Collectively, there are several lines of evidence for the involvement of cellular 
apoptotic machinery in the fiber developmental process. Hovav et al. (2008) showed the 
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apoptotic machinery, as regulated by cellular redox state, to be differentially regulated 
between a wild, fiberless antecedent to wild A-genome species (the origin of fiber within 
Gossypium) and Chaduhary et al. (2008) found evidence of these same molecular players 
in a restricted sampling of wild and domesticated G. barbadense fibers. In this study we 
find several of the same genes, noted above, and JIN1 down-regulation. These combined 
lines of evidence lead one to speculate that domesticated cotton fiber may be molecularly 
insulated from hormone signals related to apoptosis. 
 
Shared differential expression from primary cell wall expansion through secondary 
wall deposition.  Compared with initiation, the intermediate fiber development stages of 
primary expansion, rapid primary cell wall expansion, transition to secondary cell wall 
synthesis and secondary cell wall deposition, (7, 10, 20 and 25 dpa respectively) have 
relatively few genes that are differentially expressed between more than a single wild vs. 
domesticated pair among the three species studied.  Broadly, most of the genes that 
overlap two or more independent domestications are metabolic enzymes representing a 
host of different processes. However, some genes in this pool are transcription factors or 
regulators of key cellular processes that may be important to fiber domestication. 
 We highlighted above several apoptosis-related expression alterations that have 
arisen under domestication during the early stages of fiber development.  Rapp et al. 
(2009) previously reported a cotton homolog of METACASPASE9 (MC9, AT5G04200) 
as differentially expressed between the wild G. hirsutum var. yucatanense and its 
domesticated counterpart TM1 during analysis of fiber-specific transcriptomic data.  In 
G. hirsutum TM1, the elite representative, the MC9 homolog is up-regulated at each of 
the five time points examined here.  By broadening this analysis to include G. 
barbadense, it becomes clear that at 10 and 20 dpa, time points coincident with rapid 
primary cell wall deposition and the transition to secondary cell wall deposition, MC9 is 
also up-regulated in the elite cultivar Pima S-6.  At the transition to secondary cell wall 
biosynthesis, the cotton MC9 homolog is also up-regulated in the diploid G. herbaceum 
‘Wagad’.  The metacaspase gene family has been shown to comprise strong mediators of 
programmed cell death (PCD) in both the developing embryo of gymnosperms as well as 
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during the HR (hypersensitive) response in tomato following Botrytis cineria infection 
(Hoeberichts et al., 2003). Here, the role of MC9 is unclear, but it is notable in being 
differentially expressed in all wild-domesticated contrasts at more than one time point. 
MC9 is poorly characterized in general, and no characterization has been done in cotton.  
 IMPAIRED SUCROSE INDUCTION1 (ISI1, AT4G27750) is also a poorly 
characterized gene. The best work has been conducted in the model organism 
Arabidopsis, where it has been shown that ISI1 regulates sugar levels; isi1 mutants are 
impaired in starch metabolism and accumulate elevated levels of chlorophyll (Rook et al., 
2006). Gossypium hirsutum var. yucatanense has elevated ISI1 transcript levels at all five 
time points; G. barbadense shares this phenotype at the onset of secondary cell wall 
synthesis (20 dpa).  The role of ISI1 is unclear in the developing cotton fiber, but the 
regulation of sugar levels is an important driver of both primary and secondary cell 
synthesis.  This example highlights how the comparative method can bring to light genes 
of unknown or poorly characterized function as important elements of evolutionary 
change.   
 Our analysis of global transcription changes accompanying domestication in three 
independent cotton taxa has highlighted the complicated nature of gene expression level 
change that accompanied domestication, even within a single developing cell. The 
concordance of genes experiencing like transcriptional alterations during domestication is 
much lower than expected, suggesting that rewiring of the transcriptome was largely 
unique to each domestication event within in the cotton genus. However, the genes that 
do experience equivalent alteration do not pertain to the metabolism of cell wall growth 
and biogenesis, but instead largely comprise genes related to cell cycle regulation, 
transcription regulation and regulation of apoptosis. The fact that these high-level 
regulatory elements are shared leaves open the question as to whether these genes were 
primary targets of artificial selection and the larger transcriptomic differences are 
ancillary, or if domestication proceeded through selection on other genetic lesions and 
different pathways. Progress toward answering these questions will emerge from future 
functional analyses following gene discovery through detailed QTL studies involving, for 
example, near isogenic introgression lines (NILs).  The exciting prospect is that these 
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efforts will reveal fundamental alterations that are the causative elements for the 
rearrangement of functional genomic architecture that we observed in this study. 
 100
FIGURES AND TABLES 
 
Figure 1. Electron micrograph of a cotton ovule on the day of anthesis. Panel A shows 
1,500x SEM magnification of TM1, an elite G. hirsutum representative. Panel B 
shows 1,600 magnification of G. hirsutum var. yucatanense.  These images 
illustrate synchrony during development of cotton initials. 
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Figure 2. Phylogeny of Gossypium. Gossypium originated ~5 -10 million years ago and 
radiated to its present diversity of ~50 species spanning several continents. 
Approximately 1-2 million years ago members of the divergent A and D genome 
groups were reunited in Central America through interspecific hybridization and 
polyploidization, giving rise to  5 allopolyploid (AD genome) species, two of 
which dominate world cotton commerce. The additional two cultivated species, 
G. arboreum  and G. herbaceum, are A genome diploids from the Indian 
subcontinent and Africa. 
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Figure 3. Total gene expression changes associated with domestication in each of three 
cotton species.  In each panel, developmental time is along the x axis, with the 
number of days post-anthesis shown in green ellipses. For each species, the 
domesticated accession is on the top with the wild accession on the bottom. 
Numbers of genes up- and down-regulated in the domesticated lines, compared to 
their wild progenitors, are shown inside the blue double arrows (up/down).  
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Figure 4. Venn diagram representing overlap of all differentially expressed genes in this 
experiment for the three species studied. 
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Figure 5. Venn diagrams representing overlap of gene expression alterations between 
wild and domesticated cotton accessions. 
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Figure 6. Possible gene expression patterns for three independently domesticated cotton 
species. Expression values and their errors are represented by circles, blue and green for 
the two allotetraploids G. barbadense and G. hirsutum, and yellow for the diploid G. 
herbaceum. Red line represents no differential expression, above line is up-regulated, 
below line is down-regulated. Panel A: up-regulation in all domesticates. Panel B: down-
regulation in all domesticates. Panel C: Tetraploid-specific up-regulation under 
domestication. Panel D: Tetraploid specific down-regulation under domestication. Panel 
E: Bi-directional differential expression, due to neutral variation or differential selection. 
Panel F: Shared differential expression between the diploid and only one of the two 
allopolyploids. 
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Table 1. Description of Gossypium accessions used in this study. 
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Table 2. Shared genes differentially expressed in this study. Species contrast specifies the 
wild-domesticate pair for the species listed. Numbers in numerator are shared up-
regulation in the domesticate, while numbers in the denominator indicated shared down-
regulation in the domestication.  
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 CHAPTER FIVE 
 
General Conclusions 
 
 This dissertation has explored molecular aspects of the human-entwined evolution 
of the Gossypium genus.  Two aspects in particular were considered: one, how the 
transcriptional networks of two evolutionary diverged genomes reunite in the common 
nucleus of an allopolyploid to create a viable organism and two, the impact domestication 
has had on genome-wide transcription in the developing cotton fiber.   
 In chapter two, an artificial system was used to examine the similarities and 
differences between two synthetic allopolyploids and the diploid parents from which they 
were derived.  In contrast to previous reports from the model system Arabidopsis, we saw 
massive deviation from the a priori expectation where gene expression in the 
allotetraploid is equivalent to the midparent value.  In fact, the two synthetically doubled 
crosses we examined displayed many expression phenotypes that were unexpected. For 
example, some genes were expressed outside the parental range, at levels higher or lower 
than expressed in either parent grown in the common environment.  Most impressively, 
the largest classes of expression alterations were where the allotetraploid expression level 
was statistically equivalent to one parent but not equivalent to the other.  For example, in 
the cross between G. arboreum and G. thurberi 5,719 genes were up-regulated to the 
level of the paternal donor and 5,257 were down-regulated to the paternal level.  This 
experiment provides strong evidence that a large fraction of the genome is subjected to 
novel regulatory interactions upon hybridization and polyploidization.  One can readily 
envision that such new regulatory interactions could alter transcriptional modules 
responsible for morphological development as well as modulate crucial secondary 
metabolite synthesis. In fact, evidence for this now exists, as it has been shown that 
allopolyploidy results in the formation of novel circadian rhythm regulation leading to an 
increased daily period of carbon assimilation and subsequent increase in mass (Ni et al., 
2008). This greater mass phenotype, known as the Gigas effect, has been known for 
decades but has remained unexplained at the molecular level. Polyploids have been 
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shown to have a host of potential advantages over their diploid progenitors, such as 
increased biomass, increased pathogen resistance, abiotic stress tolerance and the ability 
to colonize geographical range beyond their parents.  The strong possibility exists that 
many of these advantageous phenotypes are mediated through transcriptional alterations 
like those described in chapter two.  Further studies of specific molecular pathways will 
likely elucidate the particular genetic mechanisms by which the phenomenon describe 
here is linked to evolutionary trajectories. 
 Chapters three and four employed the comparative method to understand the 
genome-wide expression changes accompanying domestication in three species of cotton. 
In chapter three, an in-depth examination of the transcriptional differences between the 
seed fiber of wild G. hirsutum and its domesticated counterpart during five time points 
representing critical stages of cell wall biosynthesis revealed interesting and telling 
differences. Chief among these differences were stark expression level changes in genes 
known to be involved in the regulation of trichome development.  Notable changes were 
also present in most components of the cell wall biosynthetic machinery, including 
primary and secondary cell wall cellulose synthases, xyloglucan endotransferases and 
expansins. Key modulators of the cytoskeletal structure, including profilin and cotton 
fiber specific actins are also up-regulated in the domesticated fiber. This detailed analysis 
provides a robust understanding of the changes in gene expression that occur during 
domestication. 
 In chapter four, the analysis in Chapter 3 was expanded to include a comparison 
to another domesticated allotetraploid cotton, G. barbadense, as well as to a diploid 
domesticated cotton, G. herbaceum. By comparing multiple species in a phylogenetic 
framework, it was possible to show that a core set of genes was differentially expressed 
in wild-domesticated pairs across all 3 species. This number of genes was small, n=611, 
but many of these genes were of marked importance to cellular development and 
maturation; these genes included hormone receptors for ethylene, jasmonic acid and 
giberellin.  More importantly, the large number of expression differences that are not 
shared between the three species raises the distinct possibility that although fiber 
domestication is a parallel process at the morphological level, the morphological 
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phenotype may have been generated by selection on different transcriptional networks at 
the molecular level. Further dissection of the fiber developmental pathway and 
subsequent comparisons between wild and domesticated cotton will be necessary to 
confirm the specific genetic lesions responsible for longer fiber. 
 These three experiments together show that the transcriptome of allopolyploid 
plants is extremely complicated, even at the level of a single cell type such as fiber.  As 
shown in chapter two, the act of hybridization and polyploidization may provide rich 
fodder for selection; such selection as seen in the domestication processes examined in 
chapters three and four.  The generation of this complexity may be key to understanding 
why polyploids have enjoyed such a prominent place both among domesticated crops and 
throughout the plant lineage. 
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